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Autopilot System for Kiteplane
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Abstract—This paper proposes an autopilot system for a small
and light unmanned air vehicle called Kiteplane. The Kiteplane
has a large delta-shaped main wing that is easily disturbed by the
wind, which was minimized by utilizing trim flight with drift. The
proposed control system for autonomous trajectory following with
a wind disturbance included fuzzy logic controllers, a speed con-
troller, a wind disturbance attenuation block, and low-level feed-
back controllers. The system was implemented onboard the air-
craft. Experiments were performed to test the performance of the
proposed system and the Kiteplane nearly succeeded in following
the desired trajectory, under the wind disturbance. Although the
path was not followed perfectly, the airplane was able to traverse
the waypoints by utilizing a failsafe waypoint updating rule.

Index Terms—Autopilot, fuzzy control, Kiteplane, unmanned air
vehicle (UAV).

1. INTRODUCTION

NMANNED air vehicles (UAVs) are useful for observing

and planning rescue activities in dangerous areas, such
as those affected by volcanoes, earthquakes, and fires. From a
design perspective, UAVs must have enough payload to carry the
necessary equipment, must be able to fly for an extended period
of time, and must be small and light enough to be transported
easily to the desired launch location. It is especially important
for UAVs to be able to fly at low altitudes in order to closely
observe the terrain, although they are more likely to crash due to
irregular wind or obstacles. Therefore, sophisticated autopilot
systems are necessary and UAVs should be designed to crash
with minimal damage.

Airplanes boast a long history of automatic control, and many
of these control techniques can also be applied to autonomous
UAVs. Airplane dynamics are nonlinear, so controllers based on
linear theories are not sufficient for trim conditions that have de-
viated from the nominal trim condition. Several approaches have
instituted various robust control methods, such as the H,, con-
troller design, gain scheduling techniques, sliding mode control,
etc., to overcome this difficulty [2]-[9]. In this paper, a fuzzy
control approach is adopted in order to encode skilled opera-
tors’ suggestions, and methods utilizing fuzzy logic for UAV
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Fig. 1.

Kiteplane.

flight control are proposed. Fernindez-Montesinos et al. [10]
utilized fuzzy logic for guidance and control for an airplane
landing under windshear. Va3¢ik er al. {11] adopted a fuzzy
logic controller that was originally proposed by Propocyk and
Mamdani [12] and Sugeno et al. [13] proposed a fuzzy controller
for an autonomous helicopter.

A variety of UAV structures have also been studied. Heli-
copters have been examined extensively in spite of the com-
plex dynamics required for hovering [13]-[18]. The size and
weight of UAVs are also important factors. Grasmeyer and
Keennon [19] developed a micro air vehicle (MAV) called
Black Widow and Wu et al. [20] proposed an MAV whose
wingspan was smaller than 4 cm. Deng et al. [21] and Schenato
et al. [22] researched small MAVs that were inspired by insects.
Lyshvski [23], [24] studied special control surfaces for MAVs
that are essential for small UAVs.

Although many control techniques have been proposed and
compact UAVs have been developed, a practical autonomous
small and light UAV that can carry a sufficient payload has
not yet been widely accepted. This paper develops an autopilot
system of a UAV that is small, light, and can also transport a
large payload. This UAV is called Kiteplane [25], [26] as its
main wing, which is its largest component, is of the shape of a
kite-like delta (Fig. 1). The main wing is light and flexible as
it is made up of cloth, and thus, it can be large without making
the airplane heavy. Although the Kiteplane is light, it is capa-
ble of carrying a large payload. The wing’s flexibility provides
safety and robustness if it crashes into the ground. The center
of the mass is located under the main wing and the ailerons are
attached at dihedral angles. This configuration results in a stable
attitude while the aircraft is in a trim state and provides easily
controlled motion. Therefore, the airplane can be controlled by
using slow-rate low-cost sensors, such as the global positioning
system (GPS), without performing a full attitude measurement.
Kumon et al. {27] proposed a trajectory-following controller for
the Kiteplane based on proportional-integral-derivative (PID)
output feedback without using attitude information. Numerical
simulations verified that this method is effective when there is
no wind disturbance. However, wind disturbance significantly
deteriorates the path following performance because of its large

1083-4435/$20.00 © 2006 IEEE



616

main wing. The dynamics of the Kiteplane are nonlinear and the
control inputs are bounded by mechanical limitations. There-
fore, simple PID controllers are not sufficient enough under
windy situations. Instead, an advanced autopilot system that
can attenuate wind disturbances is necessary. Fortunately, some
skilled model airplane pilots were able to operate the Kiteplane
via radio control, and their instructions on controlling the air-
plane were available. This a priori knowledge is a great help in
designing the basic controller structure. The controller accord-
ing to human operation can be expected to control the airplane
as operators do. When the behavior of the controlled system is
intuitively predictable by operators, operators are able to find
hazardous situations such as system failure easily, and thus can
take control of the airplane in such dangerous situations. Ac-
cording to this concept, the human operation was encoded as
a control scheme using fuzzy logic [1] and a controller based
on this information was designed in this paper, as the fuzzy
reasoning is able to model linguistic operators’ reasoning quite
easily.

A trim flight with drift was considered for attenuating the
wind disturbance. To accomplish this goal, the sideslip angle,
which is the difference between the direction the airplane is
flying and it is heading are controlled to attenuate the wind’s
effects.

The proposed method was developed and implemented on-
board a small all-in-one computer system. Experiments verified
the effectiveness of the proposed method, even during wind
disturbances.

This paper is organized as follows. In Section II, the
Kiteplane and the computer system are introduced. The
dynamics of the system are then derived in Section III.
The autopilot system is detailed in Section IV and the results of
an experiment are presented in Section V. Section VI provides
a conclusion.

II. KITEPLANE

The Kiteplane’s length, wingspan and height are 2280, 2780,
and 1130 mm, respectively. It weighs approximately 20 kg and
can carry more than a 6-kg payload. The Kiteplane can take
off from a runway or a flat field, can fly higher than 3000 m
above sea level, and land on the ground. The airplane has five
wings: The delta-shaped main wing, two ailerons, an elevator,
and a rudder. The main wing is fixed to the body. Servomotors
are used as control surface actuators and are attached to the
ailerons, the elevator, and the rudder. The engine is mounted
in the center of the body and its throttle is also controlled by a
servomotor.

The onboard computer system, which will hereafter be re-
ferred to as the CPU, is a PC/104 IBM-PC compatible em-
bedded PC unit (Advantech, PCM-3370). It is connected to an
A/D unit (Advantech, PCM-3718 HG), a GPS (Furuno Elec-
tric Company, GN-79), and a FPGA system for a servo signal
generator/receiver unit. The sensor unit connected to the A/D
unit contains three accelerometers (Crossbow, CX02LF3), three
gyroscopes (Murata Manufacturing Company, ENV-05F-03), a
magnetometer (AP1 System, AM-21 M) for measuring the az-
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Fig. 2. Overview of the autopilot system.
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Fig.3. Body frame and inertial frame.

imuth angle, and two inclination meters (Midori Precisions,
UV-00H) for determining the roll and pitch angles. It is worth
noting that only the GPS, the gyroscopes, and the magnetome-
ter are used by the proposed autopilot method. The remaining
components are installed for future use. All the servomotors
are controlled manually via radio control when the system is in
manual mode or automatically by the onboard computer system
when the system is in auto mode. A block diagram of the system
is shown in Fig. 2.

ART-Linux [28], a real-time operating system based on
Linux, was used and the autopilot system was implemented as a
real-time task. GPS information was available once per second
and other sensory information were sampled every 10 ms.

III. KITEPLANE DYNAMICS

Although the complete dynamics of the Kiteplane are exten-
sively complex, a simple rigid body model can provide useful
information. In order to concentrate on the dynamics to be con-
trolled during nominal conditions, Section III considers the case
without wind disturbances.

Let the body frame be a Cartesian coordinate system that is
attached to the airplane with the origin located at the center of
gravity (Fig. 3). The X-axis is aligned with the front of the body
and the Z-axis is oriented downward when the airplane is on the
ground. The Y-axis is defined using a right-hand coordinate sys-
tem. Let the inertial frame be a Cartesian coordinate system that
is fixed to the ground. The X-axis and the Y-axis of the inertial
frame are aligned to the east and the north, respectively. The Z-
axis is the perpendicular direction oriented upward. The velocity
of the airplane is denoted as V ¢ and let Ug, Vi, and Wy rep-
resent the components of V' cg with respect to the body frame.
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Ps,Q@p, and Rp represent the angular velocity components
with respect to the body frame. Fxg, Fy, FzB, Lg, Mg, and
Ng represent the aecrodynamic forces and moments. The Z-Y -
X Euler angle is defined from the inertial frame to the body
frame by &, 6, ¥ and the transformation matrix from the iner-
tial frame to the body frame is denoted as Tg; (P, ©, ¥), or T'g;
for short. It is easy to show that there exists an inverse of T'gj,
as long as @ # £Z. This inverse will be denoted as T'1g. m
and I are the mass of the airplane and the inertia matrix, respec-
tively. The location of the center of the gravity is represented by
X1, 11, Z;, with respect to the inertial frame.

Let Ag = [Us, Vs, Wg]" and £ = [Ps, @8, Rs|” . Using
the defined notation, the dynamics of the Kiteplane can be writ-
ten as follows:

d 0 Fxg
maAB‘F&B@AB:TBI 0 |+ | Frs 1)
mg Fzp
d Lp
IE£B+£B®I€B= MB (2)
Nj
B
a [X1]
T Y1 | =TsBAB 3)
ZI_
. c s
i ge 52 g
% O|=| -Se v 0| T
v Cuge Sege 1
)]

where Cy,Sy,Ce, Se, and g represent cos ¥,sin ¥, cos O,
sin O, and the gravitational acceleration. ® denotes the outer
product. Since the aerodynamic forces and moments are pri-
marily caused by the wings, Fxg, Fy, FzB, Ls, Mp, and N
are not only functions of the airplane’s state, but also functions
of the control inputs, which are denoted by u [25], [26], [29].

As is typical in airplane dynamics, the linearized system of
the dynamics (1)—~(4) can be decomposed into two subsystems:
A longitudinal system and a lateral system [26]. The inputs
for the longitudinal system are the engine’s throttle and the
elevator, while the inputs for the lateral system are the aileron
and the rudder. Therefore, the autopilot system discussed in
Section IV is also divided into two parts that correspond with
these subsystems. It is worth noting that because u are bounded,
the limitation makes it impossible to directly cancel the effect
of the disturbances.

IV. AUTOPILOT SYSTEM

This section first defines the objective of autonomous flight
and then proposes the autopilot system to achieve this objective.
As wind disturbances can greatly affect the motion of airplanes
that have large wings and fly at low Mach numbers, such as the
Kiteplane, trim flight with drift is considered to attenuate the
effects of the wind disturbance.
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Fig.5. Target point update. (a) Case I. (b) Case II.

A. Reference Path and Target Updating Rules

For simplicity, the reference path for the airplane is defined
as lines connecting specified waypoints. The reference path is
graphically depicted in Fig. 4. As the controller is divided into
two subsystems, the reference path is divided into a lateral plane
containing latitude and longitude [Fig. 4(a)] and a longitudinal
plane containing altitude [Fig. 4(b)]. Only one waypoint, called
the target point, is considered at a time and the reference path
is defined as the line extending from the previous to the current
target points. The target point is updated when the airplane
passes the previous target point, as discussed later.

Let ey, e,, and e, represent the horizontal displacement from
the nearest point on the reference path to the horizontal position
of the airplane, the difference from the desired direction defined
in Section IV-B to the heading of the airplane, and the differ-
ence in altitude from the level longitudinal reference path to the
altitude of the airplane, respectively.

Each waypoint is surrounded by two concentric regions de-
noted as A; and B; in Fig. 4. The airplane is said to have passed
the target point when it enters the small region A;. Under wind
disturbance, however, the airplane may not be able to enter re-
gion A;. A weak target updating criterion is introduced for these
unexpected situations. In this case, the target should be updated
when the airplane leaves region B; after it has entered B;. These
two cases are summarized in Fig. 5(a).

It is considered a failure if the airplane approaches the target
point after flying a distance C; along the reference path with-
out entering region B; [Fig. 5(b)]. In this case, the airplane is
required to turn back toward the target. To achieve this task,
the previous target point is mirrored across a symmetry plane
defined at the current target point and a new reference path is
defined as the line from the mirrored target point to the current
target point.

B. Autopilot System

The structure of the proposed autopilot system is shown
in Fig. 6. There are three fuzzy logic controllers (FLCs)
incorporated into the system. One controller is employed by the
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Fig. 6. Block diagram of the autopilot system.
lateral system and two are employed for the longitudinal system. TABLEI
The system also contains a wind disturbance attenuation com- FuzzY LOGIC CONTROLLER RULE SET FOR THE LATERAL PLANE
pensator, a velocity compensator, a variable gain (K,) to sup- e,
press interference between the throttle and the rudder, and the di- BT TS T Z 15 TP 178
recft feedbacl'( 9f tllxe angular velocities measured by the. gyros for NH | PB | PB | PB | PB|PM | PM | PS
attitude stabilization. Servo commands are saturated inside the NB |PB|PB|PB|PS|PM|PS | 2
control system and take the actuator’s limitations into account. NM [PB[PB[PB[PS|{PS|[ Z |NS
1) Lateral System: The lateral controller manages the NS |PBIPM|PM|PS| Z |NS[NM
aileron and rudder based upon e, and e, to control yaw and €a Z |PMIPMIPS | Z NS NN}L; NNI\};[
roll angle of the airplane. Initially, e, and e, are scaled and Tl B B R
mapped into fuzzy values. The fuzzy values are denoted as PH, PB | Z | NS INM | NS | NB | NB | NB
PB, PM, PS, Z, NS, NM, NB, and NH where P, N, Z, H, B, PH |NS|NM|NM|NB|NB|NB | NB

M, and S represent positive, negative, zero, huge, big, medium,
and small, respectively. PH and NH are only used for e,. Each
membership function is defined to have a triangular form. Let
the output of the FLC be u*. Rule k is expressed as

Rule & : if e, is Ax and e, is Bxthen u* is C,

where Ay, B, and Cj represent the fuzzy values for rule k.
These rules are summarized in Table I. The consequences are
aggregated by a min — max operation and u* is defuzzified by
employing the centroid method. The defuzzified output is then
scaled to fit within the range of the motor command.

The FLC output for the aileron and rudder are ug; and
up, o respectively. The computation sequence is as

ugrc = Spost I Lclatsgre(ey» €a)
urFLC = S;ostFLclatS;re(eyv ea)' &)

Here, FLClat, Spres Spres Sposts and Spoe; TEpresent the fuzzy
logic reasoning for the lateral system, including the fuzzifier,

the defuzzifier, the aileron prescaler, the rudder prescaler, the
aileron postscaler, and the rudder postscaler, respectively.

2) Longitudinal System: The longitudinal controller gener-
ates the commands for the elevator and the throttle. The aug-
mented altitude error is defined as

t

@m=qm+m/ e () dr ©)

t-T;

where K and T3 represent a positive gain and an integrating
period, respectively. Let the fuzzy logic block output for the
elevator and throttle be u};., and uy, ,respectively. These fuzzy
logic blocks utilize the augmented altitude error and an altitude
time derivative that is denoted as é,. The membership functions
are of triangle form, and &, and ¢, are scaled by Sg, and ST,
respectively. Then, these values are fuzzyfied into fuzzy values.
Similar to the lateral controller, the fuzzy rules are stipulated as
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TABLE I
Fuzzy LoGIC CONTROLLER RULE SET FOR THE ELEVATOR
e, NB|NM|NS| Z | PS|PM| PB
u, NB ([NM| NS | Z PS | PM | PB
TABLE III
Fuzzy LOGIC CONTROLLER RULE SET FOR THE THROTTLE
EZ
NB|NM|[NS| Z |PS|PM|PB
NB PB|PB|PS |PS|PS |NM|NM
NM [(PB|PB|PS| Z Z |NM | NB
NS PB|PB|PS | Z Z |NM | NB
é, Z PB|PM|PS| Z | NS|NM| NB
PS PB|PM| Z Z | NS | NB | NB
PM PB|PM| Z Z | NS [ NB [ NB
PB PM|PM | NS |[NS| NS | NB | NB
Rule &

Elevator: if €, is A clevthen uly., is C elev

Throttle: if €, is Ak,thro and ¢, is Bk,thro
then u;hm is Ck,thro

where Ak,elev, Ak,throv Bk,throa Ck,elew and Ck,thro represent
the fuzzy values of Rule k. The rule sets for the longitudinal
system are displayed in Tables II and III. As a small variation in
the elevator position can drastically change the trim condition,
the elevator command is limited to a small value. Instead, the
throttle is primarily used to control the altitude. NB and PB are
set to a nearly idling condition and the full-power state of the
engine, respectively. As the engine’s thrust depends upon the al-
titude, air density, temperature, and other factors, the integrated
error in (6) is utilized to eliminate the offset.

The FLC output for the elevator and throttle are denoted as
ugp,c and uELC, respectively. The fuzzy reasoning is computed
in the same way as for the lateral system, and this case can be
summarized as follows:

e _ Qe e (3
UFLC = Opost FLCelev Spre (ez )

T T T (~ -
UrLCc = SpostFLCthrOSpre(ez 1€2)-

@
Here, S2.c, Spres Seosts Smost» FLCelev, and FLCyhro represent
the pre- and postscalers and the fuzzy logic reasoning for the
elevator and the throttle, respectively.

3) Wind Disturbance Attenuation: Wind disturbance atten-
uation is essential for the Kiteplane, although, it is difficult to
perfectly counteract the effects of the wind with small control
inputs. This paper considers a trim flight with drift.

Assume that constant horizontal wind is blowing. The lateral
velocity of the airplane and the velocity caused by the wind
disturbance are denoted as Vg, and Vyiet, respectively, as de-
picted in Fig. 7. Recall that U is the Xg component of Vg, and
let Vyist, be the Yp component of Vy;s;. The rotation caused by
the wind disturbance is modeled as the angle agjst, With

@®

Qqist includes the direction of wind acting on the airplane, which
can be utilized to attenuate the disturbance. The desired heading

agist = atan 2(Vyist, U).

619

Fig. 7. Wind disturbance.

is defined by adding a counter wind disturbance term to the
reference direction

Py(t) = ()]

where V() is the reference path direction to the ith waypoint
in the lateral plane and sat is a limiter. From (9), the error e,
can be defined as

ref (Z) - Sat(adist)

ealt) = U(t) — Ua(t). (10)

Since the trim condition may also change during a wind dis-
turbance, the following inputs for the rudder and aileron are
introduced to maintain the desired heading in spite of the wind:

[“iv] — £ (Vs ).

Uy

an

In this equation, f,, is a nonlinear vector function that is defined
experimentally.

The wind can also disturb the airplane’s speed. Therefore, the
throttle must be adjusted to maintain the desired flying speed.
However, adjusting the throttle also alters the altitude, so the
elevator must also be adjusted to simultaneously control the
speed and altitude. The speed error e, is defined as follows:

ev(t) = VUI(t)?2 + Vi(t)? — Vg

where Vy represents the desired speed. A linear feedback is
adopted for speed control using e, and e,

ug
[ T} = KV [ez ]
ug év

where K, is the feedback gain matrix.

4) Low-level controllers: Apart from the previously men-
tioned controllers, the autopilot system also contains two low-
level controllers.

The angular velocities measured by gyros are fed back to
stabilize the rotating motion

12)

(13)

uy | = Kgép (14)

where K is a negative-definite diagonal matrix.
As the rudder is located behind the propeller, interference
occurs between the rudder’s and the throttle’s control signal.
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This may cause the airplane to turn at too steep an angle when
the throttle is open. To avoid this, the rudder command is scaled
by a variable gain depending upon the throttle command. The
gain K is defined as

K. = ac — fcu®, (15)

where u® represents the throttle command, defined below. ac
and (¢ are positive constants.

Summing up, the control commands in (5), (7), and (11)-(15)
are restated as follows:

a a a
u? UpLc t Uy + Uy
ut | Kc(ufrc + uy + ug)
. | =sat e L u e (16)
uT uFLC Ug ug
T T
u Uppc t Us

V. EXPERIMENTAL RESULTS

The proposed autopilot system was implemented in the sys-
tem described in Section II and experiments were conducted to
investigate the performance.

For the experiments, the reference path was defined as a tri-
angle and an overhead view is shown in Fig. 8. In the figure, up
points north and the origin represents the initial position of the
airplane. WP, WP, and WP3 represent the waypoints 1, 2,
and 3, respectively. The airplane was directed to pass the way-
points cyclically. The altitude of the runway was 730 m above
sea level and the desired altitude for all of the waypoints was
900 m. The desired speed was 6 m/s. The wind was blowing from
the southeast at approximately 6-8 m/s during the experiment.

The autopilot system parameters were tuned by both numer-
ical simulations and previous experiments. The parameters are
defined as

£.(z) = sat —0.3000z2 + 32.4z + 1.27
wit —0.0555z2 + 7.15z + 0.257

55 0.5
Kv=- [1.5 0.05]
K, = —diag(15,5,15)
ac = 9.16, Bc = 4.36 x 1073,

The commands for the servomotors ranged between 1100
and 1900, with 1500 assumed as the neutral position. Unfortu-
nately, there was no clear way to define f,, without a precise
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dynamical model that would be difficult to identify. Therefore,
numerical simulations and experimental data when the operator
was ordered to control the airplane under windy conditions were
examined and the command signals during the trim flight with
drift were extracted. These signals were modeled as second-
order polynomials with respect to Viist, in order to define the
actual f,.
Let the distance from the target  be d;, calculated as

H6Y,2) =/ - X+ (7 - Y+ 2z - 2y

where X;,Y;, and Z; represent the location of the target 7. The
installed low-cost GPS module was designed mainly for auto-
mobiles and the GPS assumed that the altitude was able to be
assumed almost constant in order to enhance horizontal resolu-
tion. This assumption works fine for a two-dimensional (2-D)
use, but in our experiment, this resulted in the delay of the al-
titude information. Therefore, the altitude information Z was
treated less than other X and Y information as shown in the
above criteria d;. The regions around the target : were defined
as

A; : {(X,Y,Z) € R}|d;(X,Y,Z) < 7T0m}
B; : {(X,Y,2) € R}d;(X,Y,Z) < 7T5m}.

Distance C; was defined to be 100 m for all <.

For the experiments, the airplane was launched in the manual
mode and then the autopilot system was turned on. After about a
10-min flight, the autopilot was turned off and the manual mode
was used to land the airplane on the runway.

Fig. 9 shows the experimental results of the flight during auto-
mode. Fig. 9(a) displays the lateral flight path corresponding to
Fig. 8. The figure reveals that the airplane successfully tracked
the reference path from waypoint 2 to 3 and from waypoint
3 to 1, but failed from waypoint 1 to 2. Fig. 9(b) shows the
airplane’s altitude over time. At the beginning of the test, the
airplane was at 821.5 m above sea level, which is 78.5 m lower
than the reference. However, the airplane reached the reference
altitude within 40 s and oscillated around the reference through-
out the remainder of the experiment. This behavior was led by
the fact that the gain for height control was tuned conservatively
since the altitude information by GPS module got delayed, as
mentioned earlier. The oscillation was caused at each turn and
not by the instability of the system, which was validated by an-
other experiment. Therefore, the result of altitude control was
able to be concluded as acceptable. Next, the speed is shown
in Fig. 9(c). It was successfully maintained near the reference
speed of 6 m/s, except for four peaks that correspond to intervals
when the airplane was flying from waypoint 1 to 2.

The airplane’s poor performance traveling from waypoint 1 to
2 was caused by the tailwind, which accelerated the airplane up
to nearly 20 m/s [Fig. 9(c)]. This speed is more than three times
that of the desired speed, so the airplane was required to perform
an extremely steep turn to stay on the reference path. However,
steep turns are not desirable as they can cause the airplane to fall.
The autopilot system was designed to keep the angular velocity
small in order to ensure a stable flight. Therefore, it should be
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Fig.9. Flight path and speed.

emphasized that the airplane was able to traverse the waypoints
cyclically without losing stability, although it was not able to
follow the reference path well due to the tailwind. However, the
airplane was able to follow the waypoint updating rule case II.
After it initially missed the target, the airplane turned back to
pass waypoint 2.

Several features of the experimental results are shown in
Fig. 10. Fig. 10(a) displays the distance from the reference
path to the position of the airplane. The V signs at the top of the
figure represent the moment when the waypoint was updated.
The numbers (1-3) represent the waypoint that was targeted.
When the target waypoints were updated, the distance changed
discontinuously and then converged to zero for target points 1
and 3. When the target point was 2, the distance changed dis-
continuously as the reference path flipped when the waypoint
updating rule case II was activated.

Fig. 10(b-1) and 10(b-2) show the desired airplane’s direc-
tion and actual information. Zero represents east and the angle
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increases in the counterclockwise direction. The solid line, the
dotted line, and the dashed line represent the heading, the direc-
tion of the reference path, and the desired direction computed by
the wind attenuation block, respectively. Fig. 10(b-1) shows that
the reference path direction and the desired direction were dif-
ferent because of the wind disturbance. Fig. 10(b-2) shows that
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the heading was controlled well, except for when the airplane
experienced the tailwind.

The airplane’s roll and pitch are shown in Fig. 10(c) and (d).
The angular velocities are shown at the top and the angles are
shown at the bottom of the figure. The roll angle was held
constant, and the pitch was adjusted up and down depending on
the altitude and speed.

Fig. 11 shows the control inputs. As the elevator, rudder, and
aileron commands include angular velocity feedback, the high
frequency components are shown. Though the aileron input was
saturated several times, the saturation did not harm the roll angle
performance [Fig. 10(c)].

The controller was tested by other experimental flights with
different payloads at different locations and with different de-
sired paths. Although parameters of minor gains were slightly
tuned for each test, most of the controller was almost the same,
especially fuzzy logic table and wind effect compensator f,,
were never modified at all. Throughout those test flights, the
system worked fine. This, in turn, concluded the validity of the
method.

VI. CONCLUSION

This paper proposed an autopilot system that used low-cost
sensors for a small UAV called the Kiteplane. The Kiteplane
has a large main wing and is easily disturbed by the wind,
which can be minimized by utilizing trim flight with drift. The
proposed control block consists of FLCs, a speed controller,
a wind disturbance attenuation block, and low-level feedback
controllers. The system was installed onboard the Kiteplane
and experiments were conducted to test the performance of the
system. The airplane successfully followed the desired path even
under wind disturbance.

Due to a tailwind, the path following requirement was not
achieved flawlessly, but the airplane was able to traverse the
waypoints by utilizing a failsafe waypoint updating rule.

Although the proposed method worked well through various
experimental flights, further improvement will make the system
more practical. For example, it would be a good challenge to
introduce adaptive techniques to tune controller parameters in
real time.
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