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Abstract—This paper presents a waypoint following control
design for a powered paraglider (PPG) model. After constructing
a dynamic model with six-degree of freedom of the PPG, a
dynamical lateral model around a trim equilibrium in the steady-
state flight is obtained. Unknown parameters such as the moment
of inertia, the drag coefficient, etc., in the lateral model are
optimized by real flight experimental data. The model output with
the optimized parameters agrees with the real flight experimental
data. Since the aerodynamics related parameter, i.e., the drag
coefficient, might be slightly changed even near the considered
trim equilibrium, this paper considers its uncertainty in the
constructed lateral model. A nonlinear controller to stabilize the
lateral model (with the aerodynamic uncertainty) on a considered
operation domain is designed by solving robust controller design
conditions expressed in terms of linear matrix inequality. The
experimental results including automatic landing demonstrate
the effectiveness of the control system design framework, i.e., the
model construction and the robust stable control considering the
model uncertainty.

Index Terms—automatic landing, lateral model, powered
paraglider, robust control, waypoint following control.

1. INTRODUCTION

n recent years, unmanned aerial vehicles (UAVs) [1]-[3]

have become increasingly popular for many applications
[4]-[8]. Since the successful pioneer UAV research [1] on he-
licopter control in the early 90’s, UAV control researches have
been widely carried out from large-scale UAVs to small-scale
UAVs. The recent advances and future development trends for
small-scale UAVs were surveyed in [2]. The paper [3] dis-
cussed a relation between UAV payload capacities (fixed wing
UAVs, rotary wing UAVs, lighter-than-air UAVs) and their
endurances, and another relation between UAV performance
metric and unit costs. In most of the applications, quadrotors
or multirotors, e.g., [9]-[11], have been mainly utilized since
their platforms including (semi) autopilot systems with some
sensors can be easily purchased in markets. On the other hand,
even today, studies on UAVs with fixed wings [12] are not
popular in comparison with those on quadrotors since their
maintenance, hardware implementation and modeling/control
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are relatively difficult. Powered paragliders (PPGs) can be con-
sidered as unique UAVs that are different from the quadrotors
(helicopters) and the other UAVs with fixed wings. However,
there are a very few studies on the PPGs in comparison with
the quadrotors and the other UAVs with fixed wings.

The existing studies on PPGs presented a motor design [13],
a design and manufacturing [14], a radio propagation model
construction [15], a project-based learning for educations [16],
only simulation studies on path following control [17], [18],
and experimental studies only on linear control framework
[19]. In our opinion, UAV control studies have to be evaluated
through real long-distance (at least kilometers) flight exper-
iments. Even if a designed controller works perfectly only
in simulations, the UAV control does not always succeed in
real long-distance flight experiments. Some adaptive control
schemes on neural networks (NNs), e.g., [20]-[22], have been
applied to UAVs. However, these studies have provided only
simulation results. In fact, even if adaptive control schemes
work perfectly in simulations, they have some difficulties [2]
in implementation and/or real flight safety. Even in a few
studies dealing with experiments, only specific environments
(indoor, no long-distance flight (less than several kilometers),
etc.) have been considered. Thus, in real experiments and/or
environments, there have been almost no studies on adaptive
control of small-scale fixed wings and/or PPGs. In this paper,
we provide a nonlinear control framework for a nonlinear PPG
model and show its utility in long-distance flight experiments.
In addition, we also succeed in automatic landing control.

To lighten the notation, we will drop the notation with
respect to time ¢ before constructing the dynamical lateral
model due to providing a number of complicated equations.
For instance, we will employ « instead of z(t). After that, we
recall the time ¢ notation to clearly show the difference be-
tween constant parameters and time-related variables. We also
employ the well-known notation for trigonometric functions.
In this paper, S4, Cy and T, mean sin(¢(t)), cos(¢(t)) and
tan(¢(t)), respectively.

1I. PPG MODEL CONSTRUCTION

Fig. 1 shows an overview of the PPG. Two motors are
installed in the PPG. One is a DC motor for controlling
the propeller. The other is a servo motor for controlling the
direction bar. By tilting the canopy according to the rotation
of the direction bar, the PPG can make turns. Fig. 2 shows
the system configuration for the autonomous flight control
consisting of a gyro, a magnetometer, an accelerometer, a
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Fig. 1. PPG and variables in waypoint following control.

processor, an electric speed controller, a radio control (RC)
receiver unit, a wireless module unit and an on-board cam-
era. The wireless module is used to communicate with the
computer on the ground station. With the communication, real
PPG flight information (sensors information) is provided in the
computer on the ground station. Visual information gathering
from the air during flight is separately recorded by the on-
board camera. The on-board camera is used to carry out aerial
shooting tasks from the air. The wireless module and camera
are not used to control the PPG. The sampling rate of the
sensors are 10 [Hz]. The control mode (automatic flight control
or manual flight control) can be switched by the transmitter
on the ground.
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Processor (Direction bar)
Speed controller DC motor
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Fig. 2. System configuration.

We consider a PPG model with six degree of freedom on
the position (x, ¥, z) in the world coordinate system and the
attitude (¢, 6,1), i.e., the roll, pitch and yaw angles, around a
trim equilibrium. We take a reasonable assumption [23] that
the pivot point of the rotational motion is located at the center
of the canopy. Table I shows the list of the parameters and
variables used in the model construction. This paper utilizes
both the inertial frame (fixed to inertial space) and the body
frame (fixed to the body). The variables with the subscript °g’
mean those defined in the body frame. In the inertial frame,
(z,y, z) axes are defined with the right-handed system, where
the z-y plane is set to the horizontal plane, and the positive
z-direction is vertically upward. In the body frame, the origin
o4 is the center of gravity of the body and (z4,y,,2,) axes
are also defined with the right-handed system, where the body
heading direction is defined as =, axis, and the direction from
04 to the canopy center at § = 0 is defined as z, axis. From
the above definition, the transformation matrix R from the

TABLE I
LIST OF PARAMETERS AND VARIABLES IN MODEL CONSTRUCTION.

T,Y,2 positions [m] in inertial frame
b,0,0 roll, pitch, yaw [rad.]

w=[pgq r]T angular velocity vector [rad./s]

v flight velocity [m/s]

Ty trust force [N]

) direction bar angle [rad.]

I Iy, 1. moments of inertia of body [kg -m?]
L= %lpSC'L V2 lift force [N]

D = 5pSCpV?  drag force [N]

Cr,Cp lift coefficient, drag coefficient

S = 0.9424 area of canopy[m?]

w = 0.76 half span of canopy [m]

d=0.62 chord length of canopy [m]

=12 distance between body and canopy center [m]
m = 1.248 mass of body [kg]

g=29.8 acceleration of gravity [m/s?]
p=1.2250 air density [kg/m?3]

body frame to the inertial frame can be obtained as

[ CQO¢ C¢S¢ + C¢S¢Sa S¢S¢ - C¢C¢Sa -|
R = —CgSw C¢C¢, — S¢SQS¢, C¢S¢ + C¢SQS¢, .
[ Sy —CySy CyCy. J

In addition, the relation between w = [p ¢ r]? and the time
derivative of ¢, 8,1 is given as (1).

d:) 1 S¢T9 —C¢T9 p
g |=1]0 Cs Se q (D
¥ 0 —Sgsecd Cysech r

The equations of translational and rotational motions in the
body frame are represented as
g+ qzg —TYg
g +18g —pzg |, (2)
Zg +DPYg — qTy

d
Fg:mEVg+mwag:m

) [ Lep—ar(l, - 1) ]
Mg:aH—f—wa: Lyg—rp(l. = Iz) , (3
L Lt —pa(ly — 1) J

where V denote the velocity vector. The angular momentum
H can be replaced with H = Iw, where I denotes the
tensor of inertia. I is reasonablely assumed to be a diagonal
matrix with zero non-diagonal elements. The assumption is
reasonable since it is well-known that the non-diagonal ele-
ments (products of inertia) are much smaller than the diagonal
elements (moments of inertia). The translational force F,
consists of the following four forces.

{ F,, Th,, + La, + Da, +mys, '|
Fo= )| F, | = THyg + Ly, + Dy, +mg,, i, @
L F, J [ Th., + Lz + D2y +my, J
where
S R S B e
[ B T O i R =
L., LSy D,, —Di/V
Ly, |=| 0 |,| Dy, |=R"'| -Dy/V
L., LCy D., 0



JOURNAL OF EIEX CLASS FILES, VOL. X, NO. X, MONTH 201X

The equations of rotational motion (3) is rewritten as

Ma:g Ia:p - qr(Iy - Iz)
M, = | My, Lyg—rp(l. - I;) | . 5)
Mzg sz' - pq(Iz - Iy)

Considering the viscous resistances bpg and bpg on x4 and
1, axes, respectively, the rotational force M is obtained as

M, —mgy,l = bppl*
My,=| My, | =| Tul+mg.,l—bpeql® |, (6)
M., M.,

where M. = pC’Dw(—Ser +1d(V? + r2w2)k6). By
applying the transformation matrix R and (1) to (2) and (3),
we finally have a PPG model with six degree of freedom
in the inertial frame. By considering a trim equilibrium, a
longitudinal model and a lateral model can be separately
converted from the PPG model with six-degree of freedom.
Since this paper focuses on the waypoint following control,
we consider only a lateral model. By introducing the trim
equilibrium, i.e., 04, = 18[deg.] and Vipi, = 6.4[m/s],
we construct a lateral model, where these values are verified
using the flight experimental data. The lateral model of the
PPG model around the trim equilibrium is described as

#(t) =5 (6)C3,....
_ D@W)i(t) = Tur (t)VirimCo,,i0 Cus (1)

, (D
mVirim
o DY) + T () VirimCo,i Sur(t)
y(t) T m‘/trim
—Y(t)E(t)CF,. ..., (8)
() =LY (Vi iCi (8)

B Izcotv‘im
1AV () + 07 (0w C,, RSB} (9)

Since the waypoint following is realized by controlling the
PPG heading to the direction of a desired waypoint, we
consider the equation (9) with respect to the yaw angle. In
(9), the unknown parameters are C'p, I, k, where k denotes
the coefficient with respect to the input. It is known that
airplanes with propellers connected to motors or engines have
different sensitivity for left and right turns due to the anti-
torque of motors or engines. In our PPG, the propeller turns
right, so that the sensitivity of turning left is larger than that
of turning right. To represent the anti-torque phenomenon, we
set different values as k for the right turn k, and the left
turn k;. The least squares fitting is carried out to determine
these unknown parameters using flight experimental data. The
unknown parameters are determined as follows: C'p = 0.1356,
I.=0.2, k, = 0.3 and k; = 0.7. The result k. < k; reflects
the anti-torque property.

Fig. 3 shows the prediction result (10 step ahead prediction)
by the PPG model with the identified parameters, where the
mean absolute error is 3.983 [deg.]. The model accuracy is
reasonable to design a stable controller. However, the model
is not perfect. We will design a robust controller by assuming a
parameter uncertainty in Section III. Altitude control based on
the longitudinal model of the PPG model has reported in [24],
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Fig. 3. Prediction result (10 step ahead prediction) (blue line:model output,
red line:flight experimental data).

[25]. Although the designed controller worked well even in
experiments, its direction was controlled by a human operator.
In this paper, with respect to altitude control, we utilize the
controller designed in [24], [25] and focus on the waypoint
following control design for the PPG model. Hence, from now,
we will treat only the yaw angle dynamics in the lateral model.

III. STABLE CONTROLLER DESIGN

Fig. 1 shows also the variables in the waypoint following
control, where ¢ (t) and v, (t) denote the yaw angle and the
desired yaw angle from the north direction Define the yaw
angle difference as e(t) = ¢ (t) — v,.(t). Then, with e(t), (9)
can be rewritten as the following error dynamics
. Cppw
e(t) _Ir09t1‘im

+ (V2 + P2 ()W Co,,., O(E)}-

{=SVirimwC,,,,, é(t)
(10)

We note that the control purpose is to achieve e(t) — 0.
Now we assume that 0 < [¢)(t)| < vy. From the real flight
experimental data, the upper bound vy, is set to a sufficient
large value satisfying the assumption, i.e., vy = /2. Recall
the important property with respect to k, i.e., k = k, and
k = k; when (t) > 0 and ¢(t) < 0, respectively. In
addition, considering an uncertainty for C'p, that is, replacing
Cp with Cp(1 + ACp(t)), we have the following model
(11), where ||A,(D]] < L and [[Ay(#)]] < L. Note that
(11) with ACp(t) = 0, i.e., the nominal system of (11), is
equivalent to (10) under k = k,. or kK = k;. A robust controller
accepting £20% parameter change from the nominal C'p will
be designed later.

ét) = ZAi(é(t)){(Ai + D Ai(t)Eyy)elt)

+ (Bi + Dy Api(t) Epi )6(t) }, (1D

where r = 4 and e(t) = [e(t) é(t)]?,

A 0 1 D 0 0
—— 2 ;=
T 0 _C’lez)w S‘/trim ) at 0 1|’
E._ 0 1
“T o SV |
0

B, = | 1av2, Copwky, | » 1=1,2,

I‘_'Ogtrim
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0
BE = [ld(%aim+viw2c9trim)CDPka] ) é.: 3747

I"-'Cgtrim
] , =12

00 0
Dy; = [0 1] y Epy = [Zdvmmcppwk
I Cgtrzm

0
EbE = [ld(%%im+viwzcstrim)CDPWkE] , §=3,4,
1 Cgmim
fori = 1,---,r, ki = k3 = k., and ks = kg = k;. The
A;’s are defined as (>\1( (1), A2(€(2)), Az (é(t)), Aa((2))) =

({v], — €*(®)}/v3,0,é(t )/vw, ) when ¢é(t) > 0, where
vy = /2. Otherwise, (0, {vw e2(t )}/vw,() é2(t )/vw) when
¢(t) < 0. The upper bounds v, and ~, of the uncertainty
matrices are set to 5 since |ACp(t)] < 0.2. Note that
Ai(e(t)) > 0and Y7, A;(é(t)) = 1 for all ¢. The property on
A; will play an important role in the derivation of stabilization
conditions.
Now we construct a controller (12) to stabilize (11).

—~ Z&(é(t))F,e(t)

By substituting the controller (12) into (11), we have

R

i=1 j=1

(12)

é(t){Ai — BiF; + Q;}e(t),

I

Consider a candidate of Lyapunov functions e’ (t) Pe(t),
where P > 0. Then,

%eT(t)Pe(t) = Xe)e”
+D ) i) (e)e”

i=1 i<j

where

Ay, 0

E
Qij = [ Dai Dbi ] [ 0 Ab. at
i

BF, ] . (13)

Lie(t)

(t){Lij + Ljite(t),

where
T
ij R

D,
L;; :G,'j-l-P[ D,; Dy ] |:

P+AJA;—T]T;
D! } +

Gij = (A;i— B;F;)"P + P(A; - B;F;),

| A O Eq; _ [ Dy 3
A”_{ 0 Ab,-H—Eb,-F- Tij = D[, P=Aij.

Note that I‘Tl" > 0 and ATA < II;;, where

T 2 I 0
} Toi {
o Lr
bi

Eai

Eai j|
—EyF;

I = { —EyF;

for all + and j. Therefore, from the property of A;, if

€ii <0, ¢;; +¢;; <0, (14)
DT,

where Cij = Gl’j-f-P[ D,;, Dy, ] [ D%vz :| P-}-Hij, then
bi

Lel(t)Pe(t) < 0 at e(t) # 0. By Schur complement,

the first and second inequalities in (14) are rewritten as (15)
and (16), respectively. Therefore, the system (11) with the
uncertainty is stabilized via the controller (12) if there exist
a common positive definite matrix P and feedback gains F;
satisfying

sn:{ G i } <0, Vi (15)
v Ei
G+ Gy Yy o
T = J I Y } <0, i<j, (16)
Y [ Y ®;;

where
v,;,=[ PD,; PD, El —(E,F)"],

Y;=[ PD,, PD,, PD,; PDy;

E; —(BuF))" Ei; —(EyF)" ],
Ei,-:block—diag[ -I -1 —~2%1I "/blI ]
®;;=block — diag| -1 —-I -1 —I

_PYMI _7bzI _PYZJ'I _PYb]I ]

The above conditions are not still LMIs. Hence, we convert
the above conditions into LMIs by introducing the following
variable transformations.

. H; ¥; | . Hj; + Hj; Ty
i=| 17 _ |, Tiy= T
i S T %y

where Ll.S'iiLl = S“ and LQTijLQ = Tij,

L, =block —diag| X I I I I],
Ly=block—diag[ X I I I I I I I I],

H;; =XG; X = XAlT +A;X - B;M; — M]-TBl-T,
X = P_l, M; = F,-P_l,
\ilu':[ D,; Dy XEZz —(EyuM )T ],
Tij:[ D,; Dy D, Dy
XE}, —(BuM;)?" XEZJ. —(EyM)T ],

for all 7 and j. As a result, we arrive at the following LMI
stabilization conditions. The feedback gains F'; that stabilize
the system (11) with the uncertainty can be obtained by solving
the following LMIs: X > 0, §;; < 0 (Vi) and T;; < 0 (i <
7). The feedback gains can be obtained as F; = M; X *
from the solutions X and M ; of the above LMIs.

IV. CONTROL EXPERIMENT

A triangle path flight (Experiment I) and a square path
flight (Experiment II) are performed in the experiments, where
Experiment II contains also automatic landing control to the
runway at the end of the square path flight. The altitudes are
automatically controlled by using the controller in [24], [25].
In the experiments, take-off of the PPG is manually controlled
by operators. Figs. 4 and 5 show the waypoint following
control result in Experiment I, where the green circles and
the red line in Fig. 4 denote the waypoints (WP1~WP3) and
the flight path, respectively. The ‘Starting point’ denotes the
point of starting the automatic control. The switching to the
next waypoint is carried out as soon as the PPG arrives at a
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switching circle defined around the waypoint. The center of the
switching circle is the waypoint and its radius is 10 [m]. It can
be found that the PPG stably flies to the waypoints directly,
that is, the designed controller works well. Fig. 5 shows the
yaw angle errors in Experiment I. The mean absolute errors
(MAESs) during the steady flights are 2.82 [deg.], 6.24 [deg.]
and 3.91 [deg.] in the WP1 flight, the WP2 flight and the WP3
flight, respectively. The MAE in the WP2 flight is relatively
larger than the other MAEs although it is still sufficient small
in the sense of long-distance flight control. The flight path
from WP1 to WP2 is the direction against the wind (the
WSW direction wind). It is known that some oscillations of
UAVs occur during the flight against the wind. Conversely, the
controller works well even for the flight against the wind. Fig
6 shows the waypoint following control result in Experiment
II, where the altitude is controlled at 40 [m] from the sea
level. The four waypoints (WP1~WP4) are set as a square
path flight. In Experiment II also, the PPG stably flies to
the waypoints directly. In Fig 6, a set of plural waypoints
(WP5~WP8) on the runway are for the automatic landing
control. The WP9 is set to the level of runway. Since the PPG
touched down on the runway before arriving at WP9, WP9
is omitted in Fig 6. Fig. 7 shows the control result of the
automatic landing and its photos. The potions (1)~(4) in the
upper figure correspond to those of the photos (1)~(4) in the
lower figure, respectively. By monotonically decreasing the
target altitude in the plural waypoints set on the runway, we
succeed in realizing the landing control.

WP1

— Flight Path
©  Waypoint

Om 200 400 600 800 1000m

Fig. 4. Control result in Experiment I (Red line:flight path, Green cir-
cles:waypoints).

Yaw Angle Error [deg.]

0 ) 500 0
timef[s]

Fig. 5. Yaw angle error in Experiment L

V. CONCLUSION

This paper has presented a waypoint following control
design for a PPG model. A dynamical lateral model around a

Wee — Flight Path

Starting point Wes~ — ©  Waypoint

g \.‘\\\k\‘“‘\»L

\ atic
WP1 W [\“\m\\“\

WP3

80 120 160 leillm

Fig. 6. Control result in Experiment IT (Red line:flight path, Green
circles:waypoints).
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el
S i
£ 20
<

10 L
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Fig. 7. Automatic landing control result (upper:altitude control result for the
set of plural waypoints, lower:photos at the potions (1), (2) (3) and (4)).

trim equilibrium in the steady-state flight has been obtained.
Unknown parameters such as the moment of inertia, the drag
coefficient, etc., in the lateral model have been optimized
by real flight experimental data. A nonlinear controller to
stabilize the lateral model with the aerodynamic uncertainty
has been designed by solving the LMI robust controller de-
sign conditions. The experimental results including automatic
landing have demonstrated the effectiveness of the control
system design framework. Our next subjects are to realize
wind disturbance rejection and some advanced flight tasks.
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