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ABSTRACT The pendulum-swing problem is a factor that limits the development of parafoil-unmanned
aerial vehicle (UAV) systems. Autonomous attitude control based on parafoil and UAV control mechanisms
is considered an effective solution to this problem. However, due to the coupling effect of the two control
mechanisms, conventional control methods are not suitable. The design of attitude control for parafoil-UAV
systems has become a challenge. For this problem, a model-independent optimal control method called
multivariate extremum seeking with the Newton method (ES-NM) is introduced in this paper. To assess
the performance of multivariate ES-NM control for parafoil-UAV systems, a multibody dynamic model
based on the flexible line assumption is built. The aerodynamic coefficients of this model are estimated via
computational fluid dynamics (CFD) and corrected using flight data. Using this model, the coupling effect
of the two control mechanisms is investigated, and the control range is determined. Finally, the effectiveness
of multivariate ES-NM controller for a parafoil-UAV system is verified. Simulation experiments performed
under various conditions demonstrate that the multivariate ES-NM control can manipulate the UAV control
mechanism and the parafoil control mechanism simultaneously and produce the desired UAV attitude track.
Additionally, comparisons to proportional-integral-derivative (PID) control reveal the better performance of
the proposed control method.

INDEX TERMS Parafoil-UAV system, nonlinear multibody dynamic model, multivariate ES-NM control,

attitude optimal control, attitude tracking.

I. INTRODUCTION

Parafoil systems are unique aerodynamic decelerator sys-
tems. Through asymmetric and symmetric deflections of the
parafoil trailing edge, these decelerator systems can steer
payloads to an intended point and perform flare maneuvers to
ensure a soft landing. Hence, parafoil systems are well suited
for fixed-wing unmanned aerial vehicles (UAV) that need to
land on unprepared terrain accurately [1]. In recent years,
this type of system has been used in several UAVs, including
Developmental Sciences Corp.’s SkyEye, Israel Aerospace
Industries’ Eyeview and NASA’s X-38 [2], [3]. However, the
parafoil-UAV system has a unique issue called the pendulum-
swing problem. This problem is caused by gusts and leads
to instability in the attitude of the UAV [4]. If the pendulum
angle is too large during landing, the weak structural parts of
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the UAYV, such as the wings and tail, will impact the ground
first and break apart.

A suitable method by which to solve the pendulum-swing
problem involves designing a control strategy for the parafoil-
UAV system. In recent studies, performing a flare maneuver
against the wind has been demonstrated to be an effective
approach to reduce the lateral and longitudinal velocities and
prevent pendulum swinging of the system [5], [6]. Through
in-flight wind identification, the wind direction and speed
can be determined. The heading of a parafoil-UAV system
is controlled by the asymmetric deflection of the parafoil
trailing edge, and a guidance and control algorithm ensures
that the heading is opposite to the wind direction. By cou-
pling this strategy with a final flare maneuver, the UAV can
achieve a soft and safe landing. However, in a variable-wind
environment, this control strategy cannot completely stop the
pendulum-swinging motion.

Another attractive control strategy is attitude control
based on control mechanisms of the system, including
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asymmetric and symmetric deflections of the parafoil trailing
edge and deflections of the aileron, elevator, and rudder of the
UAV. During flight, the UAV in the parafoil-UAV system has
a normal angle of attack. The UAV control mechanisms
are effective and can steer the longitudinal and lateral
motions. However, in recent years, few studies concerning
the attitude control of the UAV in a parafoil-UAV system
have been reported. The lack of a high-fidelity dynamic
model and the complexity of the coupling effect caused
by the parafoil and UAV control mechanisms make atti-
tude control design challenging. In modeling, 8/9-degree-of-
freedom (DoF) models for the parafoil-UAV system were
presented first [7], [9], and a multibody dynamic model
based on the flexible line assumption was then devel-
oped [10]. This multibody dynamic model can provide
high accuracy and is suitable for assessing the control
performance.

For other problems, an online optimal control method may
be a good solution. Extremum seeking control (ESC) is a
model-independent real-time optimal control approach for
nonlinear dynamic problems [11]. By adjusting the plant
input, this approach can converge the measured output to
extrema. Many studies on ESC have been presented. The
control performance of ESC was discussed in [12], and
corresponding applications in engineering fields were pre-
sented in [13]-[15]. As mentioned in the references, this
control method is generally used to solve single input-single
output problems. For multi-input dynamic systems, this
strategy needs to be further improved. Recently, Chun
Yin proposed an improved method based on ESC, which
is called multivariate extremum seeking with the Newton
method (ES-NM) [16], [17]. This control method can
solve multi-input problems, accelerate convergence with-
out increasing oscillations and eliminate the coupling
effect of multiple control mechanisms. It is suitable for
addressing multi-input- single-output (MISO) control prob-
lems, such as the attitude control of parafoil-UAV sys-
tems. Hence, the purpose of this article is to design
an attitude control strategy based on multivariate ES-NM
to solve the pendulum-swing problem of parafoil-UAV
systems.

To assess the performance of multivariate ES-NM con-
trol for parafoil-UAV systems, first, a multibody dynamic
model based on the flexible line assumption is developed.
All aerodynamic coefficients of this model are calculated by
computational fluid dynamics (CFD) and are corrected by the
flight data. The accuracy of the corrected model is reliable.
Using this model, the coupling effect of the parafoil brake
deflection and the UAV control mechanism can be ascer-
tained. The control range of these two control mechanisms is
then obtained. According to this range, the control parameters
are determined, and the multivariate ES-NM controller is
accomplished. Finally, a series of simulation experiments
is performed under various conditions. The performance of
multivariate ES-NM control for parafoil-UAV systems is
explored and discussed.
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FIGURE 1. Configuration of the parafoil-UAV system.

Il. PARAFOIL-UAV SYSTEM MODEL

There are three parts in a parafoil-UAV system: the parafoil,
the UAV, and the suspension lines. As shown in Fig. 1, the
connection between the parafoil and the UAV is a two-point
rigging connection, which permits considerable relative yaw-
ing and pitching motions but little relative rolling motion
between the parafoil and the UAV. According to this con-
figuration, the parafoil-UAV system can be modeled in three
parts. The coordinate system is listed in Table 1.

The first part of the model is the parafoil canopy. The mod-
eling of the parafoil canopy has been studied for several years.
Due to the air flowing into the canopy, an inflated shape can
be maintained during flight. The parafoil canopy is always
considered as a rigid body [18]-[20]. Thus, the parafoil
canopy of a parafoil-UAV system can be modeled with 6 DoF.
The force and moment acting upon the parafoil canopy have
contributions from the weight, the aerodynamic force and
moment, the suspension line tension, and the apparent mass
force and moment. By summing the forces and moments
about the canopy mass center in the parafoil body refer-
ence frame, the dynamic equations of motion can be written
as

n
mpVp+ Wy xmyVy = Fuerop+Gp+Fam+ Y LpeTp.i
i=1

ey

n
JpW,p+W, x (W) = Maemp‘*‘MahLle,i X (LpgTp,i)
i=1

©))

In (1) and (2), m;, and J), are the mass and inertia matrix of
the parafoil canopy, respectively; V;, and W), are the velocity
and angular velocity of the parafoil canopy in the parafoil
body reference frame; Fuerop and Mgy, are the parafoil
aerodynamic force and moment; F,, and M,; are the appar-
ent mass force and inertia moment; G, is the gravity of the
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TABLE 1. Coordinate system.

Name Definition
Inertial reference  Origin: arbitrary point at sea level;
frame X, axis: pointing north;

Y, axis: pointing east;
Z, axis: pointing down.
Origin: parafoil mass center;
X, axis: pointing forward parallel to the parafoil
chord;
Y, axis: pointing to right perpendicular to the
symmetry plane of the parafoil;
Z, axis: pointing down perpendicular to the X,-Y,
plane.
Origin: UAV mass center;
X, axis: pointing toward the UAV nose;
Y, axis: pointing to the right, perpendicular to the
symmetry plane of the UAV;
Z, axis: pointing down, perpendicular to the X;-Y,
plane.
Origin: parafoil aerodynamic center;
X.p axis: pointing in the direction of the parafoil
velocity vector relative to the air;
Y, axis: pointing to the right, perpendicular to the
Xap-Zap plane;
Z,p axis: pointing down, perpendicular to the X,, axis
in the symmetry plane of the parafoil.
UAV Origin: UAV aerodynamic center;
aerodynamic X axis: pointing in the direction of the UAV
reference frame velocity vector relative to the air;
Y, axis: pointing to the right, perpendicular to the
Xap-Zap plane;
Z, axis: pointing down, perpendicular to the X, axis
in the symmetry plane of the UAV.
Line reference Origin: midway between points C1 and C2;
frame X axis, Y; axis, and Z; axis: parallel to the X, axis, Y,
axis, and Z, axis, respectively.

Parafoil body
reference frame

UAV body
reference frame

Parafoil
aerodynamic
reference frame

parafoil canopy in the parafoil body reference frame; n is
the number of suspension lines; the vector T), ; represents the
force of each suspension line; the vector I, ; represents the
position vector from the mass center of the parafoil canopy to
the connection points P1, P2, P3.. .; and the matrix L, rep-
resents the transformation matrix from the inertial reference
frame to the parafoil body reference frame.

The roll, pitch and yaw Euler angles of the parafoil canopy
are represented by ¢, 0,, and v,. The kinematic equations
of the parafoil canopy are expressed as

bp

sing, tan6, cos¢@,tand,

&~

1 P
6 | =10 cos ¢, —sing, ap 3)
iy 0 sing,/cos6, cosdy/cosb, | | rp

where p;,, gp, and 1, are the angular velocity components of
the parafoil canopy in the parafoil body reference frame.

The parafoil aerodynamic forces Fgerpp and moments
M erop expressed in the parafoil body reference frame are
provided in (4) and (5).

1, ~Cp
Faerop = E,OVP SpLAP CypBp 4
—Cf
1 bCy
Maerop = E/OVPZSp Ccfn (5)
bCh
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where p is the air density; b is the canopy span; c is the
canopy chord; S), is the reference area of the parafoil canopy;
Vp is the total velocity of the parafoil canopy; and the matrix
L,p represents the transformation matrix from the parafoil
aerodynamic reference frame to the parafoil body reference
frame.

The aerodynamic coefficients appearing in (4) and (5)
depend on the angle of attack o, the sideslip angle 8, and the
parafoil control inputs (asymmetric parafoil brake deflection
8P and symmetric parafoil brake deflection 8Py [21]. The static
and dynamic stability derivatives and control derivatives can
be calculated via CFD.

CZ = Cro + CLCtap + CL(SS(S_I; (6)
Ch = Cpo + Cpg2aty + Cpsss” (N

b b
CP = CipB, + —Cppp + —Cirrp + Ci5a8? 8)
l 8Bp 27, pPp 27, r'p a%a

C
Crl:l = Cno + Cmaap + _~CquIp (9)
2V,
P b b P
C, = nﬁ/gp + Ecnppp + Ecnrrp + Cusadl) (10)

The apparent mass force F,, and apparent inertia moment
M,; in the parafoil dynamic equations cannot be neglected
because of the small mass-to-volume ratio of the parafoil
canopy. The influences of the apparent mass and the apparent
inertia have been demonstrated, and the methods by which
to determine these apparent parameters are presented by
Lissman and Barrows [22], [23]. According to the method
of Lissman, the spanwise camber of the parafoil canopy can
be neglected. The apparent mass forces and moments are
expressed as

Fan = ~TanVa— Wy % L (f/u) (11
M, = — (Iain + Wp X (Ia,'W,;)) 4+ Tam X Fop (12)
Va=Vp—=ran x Wy = LysVyina (13)

Va = Vp—ram X Wp — Lpg‘./wind"i_wp X Lpngind (14)

where V, is the airspeed vector of the apparent mass center
in the body reference frame; V,,;,,4 is the wind velocity vector
in the inertial reference frame; r,, is the position vector
from the parafoil canopy mass center to the apparent mass
center; and the matrices I, and I;; are the apparent mass and
inertia matrixes of the parafoil canopy, which are discussed
in [22].

The second part of the model is the UAV. The equa-
tions of motion for the UAV are derived with the Newton
method [24], [25]. The UAV contends with gravity, aerody-
namic forces and the tension of the suspension lines. By sum-
ming all forces and moments, the dynamic equations of the
UAV in the UAV body reference frame can be written as

m
mpVp + Wi, x mpVy = Gp + Faerob + ZngTb,i (15)
i=1
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m
JoWp+Wypx(JpWp) = Maerob+zlb,ix (LpgTpi) (16)
i=1
In (15) and (16), my, and Jj, are the mass and inertia matrix
of the UAV, respectively; V;, and W, are the velocity and
angular velocity of the UAV mass center in the UAV body
reference frame; Gy, is the gravity of the UAV; the vector
Tp,; represents the force of the suspension line attached to
the UAV; the vector [, ; is the position vector from the UAV
mass center to the connection points B1, B2, B3, B4.. .; and
the matrix Ly, represents the transformation matrix from the
inertial reference frame to the UAV body reference frame.
The kinematic equations of the UAV can be written as

QSb 1 singptanf, cospptanby Db
O, | =10 cos ¢p — sin ¢p qb a7
/7 0 sin ¢h/cos Op cos ¢h/cos op p

where ¢y, 0p, and 1, are the roll, pitch and yaw Euler angles
of the UAV, respectively, and p,, gp, and r, are the angular
velocity components of the UAV in the UAV body reference
frame.

The UAV aerodynamic forces Fer0p and moments M erop
can be written as

_cb
I o %
Foerob = = pViSpLap Cy (18)
2 _cPb
L
1, bbClb
M gerop = Epvb Sp Cbc,z (19)
bbC,l;

where Vj, is the airspeed of the UAV; by, is the UAV wing
span; ¢ is the UAV wing chord; S}, is the reference area of the
UAV; and the matrix L, represents the transformation matrix
from the UAV aerodynamic reference frame to the UAV body
reference frame.

The UAV aerodynamic coefficients are functions of the
angle of attack «y, the sideslip angle B, and the UAV control
inputs (aileron angle 83 , elevator angle 82’ , and rudder angle
82). The functions can be written as

b_ b\
(CL—Clo)
meAR

by
C) = Clpbo+-Chadl+Clyt 2 (cho+chn) @)
b

Ch = chy+ +Chse8e +Chsada+Chs,8;  (20)

Cp .
€l = ClotClaon+Cladlt 2 (Cladnt Clyr)  22)
b

by by
C} = ClyBo+—=Cppp+—=Chrp+Cl,80+Cps, 80 (23)
2Vp 2Vp
Ch .
Ch = Chot Chaent Crsn8l+ 2 (Chadnt Chymn) 2%
b
by by
CY = CPyBr+——Cropbt—=—Crrp+Chs 85 +Cps, 87
2Vp 2Vp

(25)

where e is the Oswald coefficient and AR is the aspect ratio
of the UAV wing. The UAV stability and control derivatives

VOLUME 8, 2020

FIGURE 2. Suspension line schematic.

appearing in (20)-(25) are constant. All of these derivatives
can also be estimated via CFD.

The last part of the model is the suspension lines. Accord-
ing to the configuration of the parafoil-UAV system, as shown
in Fig. 2, all of the suspension lines are simplified as 12 stan-
dard massless viscoelastic elements, of which eight elements
are attached to the parafoil and four elements are attached
to the UAV. This viscoelastic element has been applied to
the modeling of the flexible line, such as the tether of the
towed parafoil system and the rope of the dragline excavation
system [26], [27]. Consider two mass points C1 and C2, with
the masses of all the suspension lines symmetrically focused
on these two mass points. The forces on the two points
include the weight, aerodynamic forces and tension of the
suspension lines. By summing all of these forces, the dynamic
equations of the suspension line in the line reference frame
are expressed as

el mei

me1Ver = ZFp,cl,i + ZFb,cl,i + Faero,cl + G (26)
i=1 i=1
ne2 mea

meoVe = ZFp,CZ,i + ZFb,CZ,i + Faero,cZ +Go (27)
i=1 i=1

In (26) and (27), m.; and my are the total masses of
suspension lines attached to points C1 and C2; V. and
V.o are the velocity vectors of the mass points Cl1 and
C2 in the line reference frame, respectively; G.; and G
are the gravity of mass points;n.; and n, are the num-
ber of suspension lines that connect the parafoil canopy to
points C1 and C2; m.; and m., are the number of sus-
pension lines that connect the UAV to points C1 and C2;
and Ferpc1 and Fgep 2 are the aerodynamic forces on
the suspension lines, which can be neglected for a small
parafoil.

The forces of the suspension lines, F c1,i, Fp c2,is Fp.c1,is
and Fp, o ;, are expressed in terms of the strain and strain rate
of the suspension lines. The corresponding expressions can
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be written as

Fpc1i.Fpe2isFpeior Fpeo

Ax;
Fri i
= | Ay (28)
| Az
. K,
Fri + aFTi
(Ks + Ky) Iri + KoK (=1 (n>10
. o o
_ s v) LTi Cv Ti Ti (29)
0 (Un<=)
In = \JAx2 + AV + AZ2 (30)

where F7; is the tension of each suspension line element; Ax;,
Ay;, and Az; are the position difference components; /7; and
I7; are the length and strain rate of each suspension line; [
is the nominal unstretched line length; and K, K, and C,
are the static stiffness, viscous stiffness and viscous damping
coefficients of a viscoelastic line element, respectively. For
a flexible suspension line, if /7; < [, the tension of the line
element will be equal to zero.

For the same suspension line, the tension acting upon the
parafoil canopy or the UAV is equal to the tension acting upon
the two mass points. The directions of these two force vectors
are opposite. Hence, the vectors T}, ; and T}, ; can be expressed
as

n nel ne2
Z Tp,i = - ZFp,cl,i - ZF]),LQ,iv n=nc +ne
i=1 i=1 i=1

(31)
m mei mea
ZTb,i = - ZFb,cl,i - ZFb,cz,i, m=me| + me
i=1 i=1 i=1

(32)

Finally, the dynamic equations of the parafoil-UAV system
are formed by combining (1), (2), (15), (16), (26), and (27).
The set of 6 translational and rotational dynamic equations
yields 18 scalar equations of motion that can be written
in matrix form. The matrix equations for the parafoil-UAV
system are expressed as (33), as shown at the bottom of this
page, where S (+) is the cross-product matrix of the vector and
Bi, B>, B3, By, Bs, and Bg are written as

Nel e

B, = Faerop + Gp - ZLngp,cl,i - ZLngp,CZ,i
i=1 i=1

~S (Wp) L (Vp = S am) Wy — LigV vina)

+I amLpg Vwind
—IamS (Wp) LpgVing — S (Wp) mpV), (34)
Nl

By = Maerop — S (Wp) JpWp — le,cl,i x (Lngp,cl,i)
i=1
ne2

- le,di x (Lngp,cZ,i) -S (Wp) LW,
i=1

+S (ram) Lam (Lngvvind -S (Wp) Lngwind)
=S (ram) S (Wp) ) (Vp -8 (Fam) Wp - Lngwind)

(35)
Lt me
B3 = Gy + Fuerob — Y LogFpc1i— Y LogFpcoi
i=1 i=1
=S (W) mpVy, (36)
By = Maerob —S (Wp) Jp W)
me| me2
- Zlb,cl,i X (LpgFp.c1,i) — Zlb,cz,i X (LypgFp,c2.i)
i=1 i=1
(37)
nel mey
BS = ZFp,cl,i + ZFb,Cl,i + Faero,cl + Gcl (38)
i=1 i=1
ne2 mep
BG = ZFP,CZJ + ZFb,CZ,i + Faem,cZ + GCZ (39)

i=1 i=1

Ill. MULTIVARIATE EXTREMUM SEEKING CONTROL
Consider a state vector x and an output vector Y.
The model of the prafoil-UAV system are then written
as

X=fx,u)=FX+Gxu, y=gk  (40)

where F, G, f and g are smooth nonlinear functions; and u is
the control input.

Suppose that we know a smooth control law u = ¢ ()
parametrized by . The model of the parafoil-UAV system
can then be expressed as x = f (x, ¢ (9)). There exists a
smooth function x such that f (x, ¢ (¢#)) = 0 if and only if
x = x (). Additionally, for every & € R", the equilibrium
x = x () of the system x = f (x, ¢ (¢)) is locally exponen-
tially stable.

The quadratic cost function of this system is written
as

z=h@)=W-N"E@W—y) =h(gx) (41)

mpl +1 4,
S (ram) 1

_IamS (ram)
Jp +1ai — S (ram) LamS (Fam)
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y=glx) = 2=h() #Z’
s
P(t) | s+w,

o A i% z—n

N(t)

@ v
O (<

s+,

FIGURE 3. Block diagram of the multivariate ES-NM for a parafoil-UAV system.

where w is the desired attitude. In this cost function, there
exists a unique ¥* € R" for z = h (g (x (9))) = h(?) such
that 27 (0*) = 0and 2h (") = H > 0,H = H'.
The attitude control problem of the parafoil-UAV system is
transformed into an extremum seeking problem of the cost
function.

To search the minimum z = A(J) at ®*, a mul-
tivariate extremum seeking with the Newton method
is proposed in this paper. The scheme of multivariate
ES-NM is presented in Fig.3, and the functions are expressed
as

dx ~
= =f(xe(r+om)) “2)
— B kE .
0 o S
t (1 - wb¥)™" (~wbra - bs)
416G || ~aGtoe-mP@) 43)
di| T T — ,THT
H —w;ﬁ +w (z—n)N (1)
Lnd L wp (2= 1) i
where
\Ij = diag{Ipl’ 1//-27 AL Wn} (44)
U = diag {1, V2..... Vu} (45)
k = diag{ky, k. ..., kn) (46)
D = diag{d\, do, ..., d,) 47)
Ds) = di { 1 dr dy } 48)
= dag s+d s+dy 7 s+d,
[ 2 . 2. 2. T
P(t) =| —sinwit —sinwyt .. — sin wyt
o] o oy
49)
Q) = [arsinoir axsinmr ... aysinw,t]”  (50)
Nyt (@) N Nin (1)
Nip (1) N () Nop (1)
NO=| : : (s1)
Nln (t) N2n (t) Nnn (t)
, 16 ( . 1)
with Nj; (1) = — | sin (wjt) — = ] and
% 2
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4 .
Njj (1) = o sin (w;t) sin (a)jt) ,
i%j

@#)

The parameters d;, ¥;, and lﬁ,- are positive constants that
are selected to satisfy 1 — widilﬁ,- > 0; «; is a small positive
constant; k; is the positive control gain; w; is the probing fre-
quency, which varies for different control inputs; and w;, wp,
and w, are the positive filter coefficients. These parameters
can be written as w; = ww}, W] = Wdw], W = WSW},

D wSD, k = wSK’, where w and § are

small positive constants. Consider 1 = wt, ¥ = 9 — v,
i=n—hw), T =T —-H'H = H—-H, and
new perturbation signals P(7) = P(t/w), O () = O (t/w),
N (7) = N (t/w). The control system can be converted to the
following forms

wp = wdwy, D =

dx
YT
=f(x,(p(z9* +9 +Q(r))) (52)
:
d | G
dr | T
H
L7
! K _
(1 - wawi)@)_l (-wb (f" +H*‘) G- i)g)
. ~0p Gt o (2= —h@M) P ()

)y (f +H*‘) (1 _ (H+F1) (f‘ +H*‘))
—op (H+)+o), (:=i—h0") N @
W)y (z— i—h")

(53)

To further investigated the stability of this control
system, we freeze x at its equilibrium value x =

X (19* +9+ Q(t)), and the reduce system can be then
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written as

Ur
&
d | G,
dt | T,
H,
r

K&, T
(1 — axS\IlD‘II>_1 —wh (1"",+H—1) G, — Dg,)
G+, (v(3,4+0@) = i) P (@)
= (Frtb=t) (1= (H+8,) (F+H)
~of (H+)+o), (v(5,+0@) = i) N ()
I oy (v (9+0@) i)

(54)
where v (A) = h(0* + A) — h(9%), A = fgr + O (7). For
this function, we have v (0) = 0, a;g)) 0, w =H > 0.

By taking the common period of the probing frequencies
IT as

1
H=LCM{—/}><271, ie{l,2,---,n} (55)
i
where LCM stands for the least common multiple, and we
can derived the average model as

9]
a
,\ra
41q,
dr | ¢
Hy
i

K'go :
(1 - waxp[)@)_l (—xp[) (ff+H—1) G, — bgﬁ)
~o, G+ % [ (3040 @) P (0) do

T k(P ) (1= () (P )

—w) (H—H:I“) +2L fon v (5;‘4—@ (0))N (0)do
] o 7o+ [ (§g+Q(a))do |
(56)
The average equilibrium (z‘} ,ELe, Gr , F“ ¢ H“ €, n%°)
satisfies
%-;z,e = Onxl (57)
~a,e
G, = O (58)
l_l ~ ~ ~
/ v (5844 0@))P©0)do = 0pa (59)
0
~a,e 1 f Ja,e ~
=g ] (ﬁ,~ n Q(o))da (60)
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- | AL - -
H+ =ﬁ/0 v(ﬁ,’ +Q(0)>N(o)da 61)

I= (H +H;"‘f’) (ff“’ + H*‘) (62)

For small o, ['%¢ + H™!
of (59), we get

> 0. With a Taylor expansion

T v (0)
/0 ;}2 IADA,;
x (f}f”f + @ sin (a)/-s‘)) (ﬁa  +a;sin (“’ g))

n n n
1

a°v (0 ~ .
+3‘ Z Z ,{2; e BVA( 3)Ak (ﬁf}’f+oti sin ((ul’g))

i=1 j=1 k=
X (19r”j +ajsin (w}g)) (f?f,’,f+(xk sin (wig)) +0 (|a|4>)

2
x—sin(w;,g)dg=o,vpe{1,2,--- n) (63)
Op

Define

Zb’a, + Z Z ¢ ok + 0 (|a|3> (64)

j=1 k=1

where b} and ¢}, are real numbers. Substituting #%¢ and

L \2
(ﬁ‘f”f) to (65) and matching the like power of ;, we have

3%y (0) 3%y (0)

aA0A,  anA, | [P b} 0
: : S=H =

8% (0) . 9%v (0) b b} 0

FYNEIN] AAROA,

(65)

Hence, for all i,j € {1,2,---, n}, we can obtain b =
Next, matching the like power of o7, (kK # [), we have

3%y (0) 3%y (0)
AN 9o, | [k Chi 0
: : S=H L =
3% (0) 3%v (0) ey oy 0

IAL AT 3ARIA,
(66)
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Similarly, we can obtain c};’ ; = 0. Finally, matching the

like power of alz, (k = 1), we have
T3 (0) ]
IATIA,

: 33y (0) : :
-1 AATIA_ 0 I-1
133v0)
S E
Ll a3v(0)
3A123A1+1

33y (0)

L 9A79A,
83v (0)
IAZIA,

33y (0)
BAIZBA,_I
19 (67)
2 A}

83v (0)
3A128A]+1

93v(0)
IAZIA,

According to above, we can get

n
e ="l a7 +0 <|a|3> (68)
=1
Moreover, with a Taylor expansion of (60) and (61),
we have

~ae

I e 020 (0) /=y,
:_/ 21223A3A (ﬂ”

1 j=

X (f}fj,e + jsin (wjg)) o 121: IZ: Z aAazl)A(%)Ak

x (5\2,8 + a; sin (a)l’g)) (z?r'; + ajsin (w}g))

x (5;‘,;6 + oy sin (w;g)) +0 <|oe|4)] d¢ (69)
(ﬁf’e)p’ +H,,

331(0)

<0ae+05151n<w§)) 3vZZZ IADADAL
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¢ + ;sin (wig))

3 v (0)
8A A

(f?f”f + o sin (] g))

x (5;‘18 + a;sin (a)ig)) (19“ 4+ ajsin (a) g))

x (5;1,5 + ay sin (a),’cg))

+0 (|a|4>] X g (sin2 (a)l’)g) - %) dc,
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(55 + e sin (0f5))

4
o) i) i 5

+0 (le apory ) (@) ds
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Substituting B¢ to (69), (70) and (71), 7i* and A can
be expressed as

a v (0)
BA IA;

(5‘3-’6 + a;sin (w,’g))

Vp,me{l, 2, ---,n},

3 1 &
et = 3 2 Hia? +0 (1oF) (72)
i=1
n 3
3 3 (0) e
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( r )p,p l;aAiaAg n 73
n 3
- °v(0) -
H“’e) =y 2V jae 74
( r p.m ;BAiaAl,BAm Lt ( )

n n
fpe =Yy oidal+(0(lf)) @9

i—1 j=1
where © is a n x n matrix with

; 33y (0)
(@ ) v (76)
pm 0AOARIA,

Substituting f?f’f to (62), T%¢ can be written as

~ ~ -1
Poe = (0 (H7 AR+ 1)) —H7!

—Xn:iH*@"H c”ot]+[ (|a|3)]m 77

i=1 j=1

The Jacobian of (56) is expressed as

Joe = s [BA3nx3n 03nx2n+1) } (78)
@n+D)x3n  Denthx@n+1)
where
A3n><3n
Onxn K’ Onxcn
= | 0pun — (1 —waq;D\IJ)*li) Ax (79)
A3 Onxn _U)}‘Inxn
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B Oan Oan Oan
wL fo (VN (§)> ds Onxn Onxn
= 35 (80)
%”fo ﬁw)dg Oncn O
Dn+1yx@n+1)
i _w;glnxn _w;gH_l + A1 Opxn
= Onxn _U)ilnxn Onxcn (81)
O1xn O1xn _w}{
with
Ay = — (1 - a)3‘l’b‘i’> "uh (f“;”e +H_1) (82)
a)i f 0 % /
A= = (vP<g>)dg =G H+0(al)  (83)

Al = d)R Z:zl (Q H™ +H IQ ) Cthlh

h=
o)., 0

Since A3; > 0, w),wp, @y > 0,1 — wSYD¥ > 0
and I:f*e +H' > 0, it is proved that J*¢ is Hurwitz
for sufficiently small «;. Hence, there exist 5, & such that
for all @ € (0,@) and § € (0,3) the reduced system
(54) has a unique exponentially stable periodic solution

@M, e G I AT 7M) of period IT and this solution
satisfles

i=1 j=1

Z djapl <0 (s+1l) 63

&1 <0 (s+1f) (36

G §O<8+|a|3) 87)

r“+ZZH 'o'H el o §0<5+|a|3) (88)
(

Yy e

i=1 j=1

77, - _Ztha

The control system based on multivariate ES-NM is
demonstrated to be asymptotically stable. Additionally,
the choice of control parameters is discussed here. As shown
in Fig. 3, the gain matrix k£ has a great effect on the con-
vergence speed of the control system. The convergence will
be very slow if k is too small, but a too large k& will lead to
severe oscillation or instability. The value of k should be large
enough in a suitable range. wj is the coefficient of the high
pass filter. It is required to be large enough. Oppositely, wy,
is the coefficient of the low pass filter. It is required to be
small enough. w, is used to construct the estimates of H -1

<0 5+|a|3) (89)

<0 (a + |a|3) (90)

43744

FIGURE 4. Flight test for the parafoil-UAV system.
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FIGURE 5. Aileron control input in flight test.

TABLE 2. System geometric parameters.

Parameter Parafoil UAV
Mass, kg 2.5 8
b, m 4.5 2.1
c,m 1.6 0.36
AR 2.8 5.8
S, m* 7.2 0.76

It is required to satisfy w, > 0. For the probing frequencies,
they are required to satisfy w; # w; and w; + w; # wy for
i # j # k. The further investigation of control parameters is
shown in [16], [28].

IV. FLIGHT TEST

The reliability of the control performance evaluation and the
accuracy of the control parameter estimation depend on the
precision of the proposed model that is related to the parafoil
and UAV aerodynamic coefficients. To improve the precision
of the model, a flight test was conducted in June, 2019. The
test system contains a 2.5 kg rectangular parafoil and an 8 kg
fixed-wing UAV, as shown in Fig. 4. The detailed geometric
parameters of this test system are listed in Table 2. For the
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FIGURE 6. Comparisons of the flight test and simulation.

parafoil, the span length is 4.5 m, the chord length is 1.6 m,
and the canopy area is 7.2 m?. For the UAV, the span length
is 2.1 m, the chord length is 0.36 m, and the wing area is
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0.76 m2. The wing, flat tail and vertical tail of this UAV
are equipped with an aileron, an elevator and a rudder that
can be manipulated during flight. In this test, the average
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TABLE 3. Parafoil aerodynamic coefficients.

parameter value  parameter  value  parameter value
CLo 0.04 Cy -0.26 Cs. 0.21
Cp, 44 Cy 0102 Cpy, 03
C,, 016 C, -0.15 Cse 000128
C,. 5.8 C, 0 C.s. 0.012
c, o012 C, 0.047
C.. -1 C, 0
C 2 C -0.094

mq nr

wind speed is 4.57 m/s, and the average wind direction is
203 degrees. The parafoil-UAV system is released from a
height of 104 m. After gilding steadily, the series of aileron
control inputs shown in Fig. 5 are performed. The flight data
of this test are obtained from inertial measurement unit (IMU)
and global positioning system (GPS) sensors that are fixed
in the fuselage of the UAV. The motion of the UAV can be
observed clearly.

During the test, significant relative motion is observed
between the parafoil and the UAV. This relative motion makes
the aerodynamic coefficients of the parafoil-UAV system
difficult to identify completely from the only known data,
which are the velocity and angular velocity of the UAV.
The identification of aerodynamic coefficients for this test
system is not suitable. CFD is another method to calculate
aerodynamic coefficients. By using CFD, Wu, Ghoreyshi and
Ye [29]-[31] has been calculated the aerodynamic stability
derivatives of the parafoil and the UAV, respectively. For the
UAV, the calculated coefficients are reliable. However, for
the parafoil, they are not accurate enough due to the canopy
geometric deformation. The aerodynamic coefficients of the
parafoil need to be corrected.

Substituting all aerodynamic coefficients calculated via
CFD into the model and running the simulation, the simula-
tion result of the uncorrected model is obtained. As shown
in Fig. 6, significant errors exist between the simulation
results and the test data, which are mainly caused by the
inaccurate aerodynamic coefficients and the unknown wind
variation during the test. To minimize the errors and improve
the precision of the model, the static and dynamic stability
derivatives of the parafoil are artificially adjusted within a
reasonable range. Compared with the uncorrected model,
the corrected model can well capture the basic motions of the
test system. All corrected aerodynamic coefficients are listed
in Tables 3 and 4.

V. SIMULATION OF THE CONTROL PERFORMANCE

To study the performance of the multivariate ES-NM con-
troller, a new parafoil-UAV system is designed. The shape
of the parafoil remains unchanged, while the size of the
UAV is increased proportionally. According to the similarity
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FIGURE 7. Roll angles under varying parafoil brake defections and UAV
aileron control.

theory of aerodynamics, the parafoil and UAV aerodynamic
coefficients of this new system can be considered the same
as those of the flight test system mentioned above. Using the
detailed geometric parameters listed in Table 5, the multibody
dynamic model of this parafoil-UAV system is established
and programmed in MATLAB. In this section, this model is
used to analyze the influence of the parafoil and UAV control
mechanisms and to assess the control performance of the
proposed method. The detailed results are shown as follows.

A. CONTROL RANGE DESIGN

As mentioned above, a parafoil-UAV system has a parafoil
and a UAV. Each part has its own control mechanism. The
parafoil control mechanisms are the left and right deflections
of the parafoil trailing edge, whereas the UAV control mech-
anisms are the deflections of the aileron, elevator, and rudder.
The longitudinal control of this system is achieved directly
by UAV elevator deflection, whereas the lateral control is
achieved by parafoil brake deflection together with aileron
and rudder deflection of the UAV. These two control mecha-
nisms interfere with each other and have a great influence on
the controllability and stability of the parafoil-UAV system.
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TABLE 4. UAV aerodynamic coefficients.

b b b b b b b b
CLO CL{Z CL& CLo'z Clq CDO CDa‘e CD&4
0.062 5.195 0.2167 1.22 4.589 0.028 0.0418 0
b b b b b b b b
CDb‘r C.vﬁ CV&! Cyd‘r Cyp C.W Clﬂ Clp
0 -0.2083 0.0 0.1096 0.0057 0.0645 -0.0339 -0.4243
b b b b b b b b
Clr Clb‘a Cla'r Cmo Cma Cm()‘e Cma Cmq
0.0288 -0.2559 0.0085 -0.30 -0.40 -0.6934 -2.897 -5.263
b b b b b
Cnﬂ Cnp Cm‘ C/x&q Cer
0.0116 -0.0076 -0.0276 -0.0068 -0.0515

TABLE 5. System geometric parameters.

Parameter Parafoil UAV

Mass, kg 2.5 15
b, m 4.5 2.94
c,m 1.6 0.51
AR 2.8 5.8
S, m* 72 1.5

Hence, before designing an optimal controller, it is necessary
to use the dynamic model to analyze the interaction effect of
the two control mechanisms and redesign the control range
of the parafoil-UAV system.

Fig. 7 shows the steady-state roll angles of the parafoil
and UAV with varying parafoil brake deflections and UAV
aileron deflections. The parafoil brake deflection changes
from —100% to 100%, and the UAV aileron deflection
changes from —40 to 40 degrees. Under —100% parafoil
brake deflection and 12-degree aileron deflection, the parafoil
and UAV roll angles are minimal. The parafoil roll angle is
—21.3 degrees, and the UAV roll angle is —23.3 degrees.
In contrast, under 100% parafoil brake deflection and
—12-degree aileron deflection, the parafoil and UAV roll
angles are maximal. Compared with a system controlled by
a single mechanism, the system controlled by two mecha-
nisms can perform flight maneuvers with larger roll angles
and smaller turning radii. On the other hand, the parafoil
brake deflection has a great influence on the control range
of the UAV aileron permitted by the parafoil-UAV system.
When the parafoil brake deflection is —100%, the minimum
aileron deflection that the system permits is —22 degrees,
the maximum aileron deflection is 12 degrees, and the aileron
control range is —22 to 12 degrees. When the parafoil brake
deflection increases to 0%, the minimum aileron deflection
decreases and the maximum deflection increases. The aileron
control range is —28 to 28 degrees, which is larger than the
previous range. When the parafoil brake deflection increases
to 100%, the aileron control range is —12 to 22 degrees.
As the parafoil brake deflection increases, the aileron control
range decreases. The aileron control range is directly related
to the parafoil brake deflection. To simplify the design of the
control range, in this paper, the control range of the parafoil
brake deflection is set as — 100 to 100%, and the control range
of the UAV aileron deflection is set as —12 to 12 degrees.

VOLUME 8, 2020

In this control range, the maximum and minimum roll angles
of the parafoil and the UAV can be achieved.

The angle of attack is another parameter that can be used to
design the control range. Fig. 8 shows the angles of attack of
the parafoil and UAV under varying parafoil brake deflections
(=100 to 100%) and UAV aileron deflections (—40 to 40
degrees). When both the parafoil brake deflection and the
aileron deflection are 0, the parafoil and UAV angles of attack
are maximized, with the angle values of 13.7 degrees and
9 degrees, respectively. When the parafoil brake deflection is
100% and the aileron deflection is —12 degrees and when the
parafoil brake deflection is —100% and the aileron deflection
is 12 degrees, the parafoil and UAV angles of attack are
minimal, with the angle values of 6.4 degrees and 2.5 degrees,
respectively. In the designed control range, the angles of
attack of the parafoil and the UAV do not exceed the angle
of stall. This designed control range is reasonable for the
parafoil-UAV system.

Fig. 9 shows the parafoil and UAV pitch angles with vary-
ing parafoil brake deflections and UAV elevator deflections.
The parafoil brake deflection changes from 0 to 100%, and
the UAV elevator deflection changes from —40 to 40 degrees.
When the parafoil brake deflection is zero, the parafoil pitch
angle decreases from —6.2 degrees to —10.6 degrees, and
the UAV pitch angle decreases from —6.2 to —21.6 degrees
with increasing UAV elevator deflection. When the parafoil
brake deflection is full, the parafoil pitch angle decreases
from —8.9 degrees to —25.6 degrees, and the UAV pitch angle
decreases from —5.7 degrees to —39.4 degrees. Although the
parafoil brake deflection does not directly control the longitu-
dinal motion, it has a great effect on the control performance
of the UAV elevator.

Fig. 10 shows the angles of attack of the parafoil and
UAV under varying parafoil brake deflections (0 to 100%)
and UAV elevator deflections (—40 to 40 degrees). With the
increase of the parafoil brake deflection and UAV elevator
deflection, the angles of attack of the parafoil and UAV
decrease. Under these control inputs, all angles of attack are
convergent. The motion of the parafoil-UAV system is steady
at all times. However, due to the angle of stall, the UAV
elevator deflection also has its own limit. For the system in
this paper, the parafoil angle of attack should be less than
15 degrees, the UAV angle of attack should be less than
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FIGURE 8. Angles of attack under varying parafoil brake defections and
UAV aileron control.

13 degrees, and both of these angles need to be positive.
Hence, the elevator control range can be set as —20 to 16
degrees, and the parafoil brake deflection can be set as 0 to
100%. Considering the symmetry of the parafoil brake deflec-
tion, its control range can be set as —100 to 100%.

B. SIMULATION OF THE OPTIMAL CONTROL

Using the control range, a multivariate optimal controller
based on ES-NM is accomplished. To assess the control
performance of the proposed method, two cases are simulated
in this article.

Case 1: The parafoil brake deflection and the UAV aileron
deflection are initially 50% and —5 degrees, respectively, and
no wind exists.

Case 2: The parafoil brake deflection and the UAV aileron
deflection are initially zero, and variable wind exists.

For these two cases, the main purpose of the controller is
to make the roll angle of the UAV as close to zero as possible
by using the parafoil brake deflection and the UAV aileron
deflection. Hence, the cost function of the system can be
written as

z=h(gp) = 0.5 (¢p — 0)* 1)
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In the multivariate ES-NM controller, the estimated input
of the parafoil-UAV system @ contains the estimated parafoil

~P
brake deflection §, and the estimated UAV aileron deflection
b
8,. The control range of the parafoil brake deflection is

—100 to 100%, and the range of the UAV aileron deflection
is —12 to 12 degrees. The probing frequencies w; and w;
are estimated as 5z and 4.57, respectively. The filter coef-
ficients wy, w, and wy, are 500, 10~* and 3, respectively. The
gain matrix k is diag {100, 300}. The other parameters are
selected as follows: « = [0.1, 0.1]7,D = diag {0.01, 0.01},
¥ = diag{10, 10}, ¥ = diag{2, 3}, and T,' =
400diag {1, 1}.

The simulation for Case 1 is performed first, and the
results are presented in Fig. 11. Under the influence of the
multivariate ES-NM controller, the estimated parafoil brake
deflection rapidly decreases from 50% to 0%. Meanwhile,
the estimated UAV aileron deflection increases as well and
converges to zero at 600 s. Correspondingly, the roll angles
of the parafoil and the UAV decrease and converge to the
desired attitude, as shown in Fig. 12. This demonstrates that
the multivariate ES-NM controller can adjust the two control
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mechanisms simultaneously and produce the desired attitude
of the parafoil-UAV system.

To further illustrate the control performance of the pro-
posed method, comparisons between the multivariate ES-NM
controller and the proportional-integral-derivative (PID) con-
troller for Case 2 are provided. In Case 2, there is a unique
wind field along the Y, axis of the inertial reference frame.
The wind direction is constant, and the wind speed is vari-
able, as shown in Fig. 13. This situation will cause the
parafoil-UAV system to begin a pendulum-swinging motion
and increase the risk associated with landing if there is no
control. Hence, the control object of these two controllers for
Case 2 is to maintain the roll angle of the UAV as close to
zero as possible.

The two control mechanisms of the parafoil-UAV system
have different control characteristics and applications. For
the attitude control of the UAV, the UAV control mechanism
plays a dominant role. The parameters of the multivariate
ES-NM controller need to be changed. For Case 2, the gain
matrix k of the multivariate ES-NM controller is modi-
fied to diag {10000, 100}, and the other parameters remain
the same. For the PID controller, the aileron deflection is
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chosen as the input of the control system. The control range
is —28 to 28 degrees. kp, k; and kp are tuned as 0.5,
1.05 and 2.1. The simulation results of the PID controller and
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the multivariate ES-NM controller for Case 2 are presented
in Figs. 14-15.

As shown in Fig. 14, under the influence of the PID con-
troller and the multivariate ES-NM controller, the roll angles
of the UAV both show damped oscillations. The amplitudes
of oscillations gradually decrease, and the values converge to
zero. At 600 s, the UAV roll angle under the multivariate ES-
NM controller is close to zero, and the roll angle under the
PID controller is still oscillating. It shows that the response
rate of the multivariate ES-NM controller is better than that
of the PID controller.

Fig. 15 shows the parafoil brake deflection and the UAV
aileron deflection achieved by the PID controller and the mul-
tivariate ES-NM controller. For the PID controller, the sim-
ulated parafoil brake deflection is zero, and the variation of
the UAV aileron is a damped oscillation. The maximum value
of the UAV aileron deflection at the beginning can be up to
17.5 degrees. For the multivariate ES-NM controller, parafoil
brake deflection exists. Its minimum value is only —0.41%.
The UAV aileron deflection is also damped, but the maximum
value is less than 6 degrees due to the existence of the parafoil
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FIGURE 15. Comparisons of the control inputs (Case 2).

brake deflection. The multivariate ES-NM controller shows
a smaller overshoot and is better than the PID controller in
terms of energy consumption.

VI. CONCLUSION

In this article, an optimal control method called multivariate
ES-NM is introduced to solve the pendulum-swing prob-
lem of parafoil-UAV systems. To assess the performance of
multivariate ES-NM control, a multibody dynamic model is
developed based on the flexible line assumption. Using flight
test data, the aerodynamic coefficients are corrected, and the
accuracy of the model is verified.

Simulations of this model under varying parafoil brake
deflections and UAV control inputs are performed. The
results show that the UAV control input permitted by the
parafoil-UAV system changes with the increase of the parafoil
brake deflection. The coupling effect of these two control
mechanisms leads to a decrease in the control range. Accord-
ing to the redesigned control range, the parameters of the
multivariate ES-NM controller are confirmed. Simulation
experiments are performed under wind and no-wind con-
ditions. As shown in the results, the multivariate ES-NM
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control can adjust the parafoil brake deflection and the UAV
control input simultaneously and control the attitude angles of
the parafoil-UAV system. This proposed control method can
effectively solve the pendulum-swing problem. Furthermore,
comparisons between the PID controller and the multivariate
ES-NM controller are presented. The response rate of the
proposed controller is better, and the overshoot is smaller.
The performance of the multivariate ES-NM controller is
better than that of the PID controller in terms of the energy
consumption.
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