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Abstract—The ability of the aircraft to trace the waypoint
trajectory is a major requirement for the completion of various
missions. However, the magnitude of steady state error and
multiple overshoot caused by environmental disturbances can
cause instable motion of the aircraft. Such conditions can make
the aircraft experience a shift and change its direction from a
predetermined path. Therefore, in this study Linear Quadratic
Regulator (LQR) control method is applied to minimize steady
state error and multiple overshoot. The LQR control method
has the ability to maintain the stability of the aircraft and
produce minimum errors. Besides, the LQR control method can
also be modified by providing input references so that it can be
used for tracking trajectories. System testing is done directly on
tracing the triangular trajectory pattern to find out directly the
functioning of the system. The results derived from the testing
of the model design indicated a steady state tendency of 3.55%
error, with the largest deviation of 10.55% and 83% accuracy
for tracking from the first waypoint to the second waypoint. It
was also reported a steady state tendency of 2.88% error, the
largest deviation of 7.28% with 93% accuracy for tracing from
the second waypoint to the third waypoint.

Index Terms—Optimal Control; Stability; UAV; Waypoint.

I. INTRODUCTION

The development of UAV (Unmanned Aerial Vehicle) or
aircraft technology Unmanned is increasingly developing
with the increasing use of UAVs in the world [1] [2] [3].
Unmanned aircraft can be used for monitoring, search and
rescue missions and even for ambushes in conditions of war
[4]. To complete these missions, the UAVSs are required to fly
independently (autopilot) to trace the flight path in
accordance with the row of coordinates of the location of the
earth that has been determined, which is often referred to as
the waypoint mission [5][6].

Many UAVs have experienced changes in the physical
form of manufacturing. One type of unmanned aircraft is the
flying wing model. This type of aircraft has a fixed wing in
the form of a triangle, which is equipped with two servo and
no tail (tail less). Its configuration is very simple as it consists
of wings and control surfaces in the form of aileron or
elevator only. This model aircraft is capable of gliding in the
air and it consumes minimal power. It is also able to explore
with a far range, while carrying cargo in it [7].

To carry out the waypoint missions, UAVs need a
navigation system with data information obtained from GPS
[8]. GPS will read the longitude and latitude of the earth,
which is used as a reference value to get to the point of
destination [9]. In addition, UAVs also require control

methods to regulate the configuration of aircraft motion in
maintaining flight orientation stability to prevent stalling
[10]. PID (Proportional Integral Derivative) control methods
have been used to carry out waypoint tracking missions, but
its control is not optimal when handling the aircraft in a
correct position with large mean deviation error [11] and [12].

The occurrence of these deviations will be accompanied by
continuous and large state error or mean deviation. This
condition causes the UAV to experience a shift from the
track. A large steady state error with an intensity often cause
the system to experience multiple overshoots, which resultin
not only the flight conditions and shifts, but also a change
from its traced trajectory [13].

Research conducted by [14] and [15] focuses on controlling
the stability of the UAV by implementing a full state feedback
Linear Quadratic Regulator (LQR) control method indicates
the ability to make the system overcome errors through rapid
response. Further, several other studies that focus on the
application of LQR control methods on UAV aircraft found
more effective way to get a stable system response [16] and
that produce minimum errors [17].

This paper aims to design flight performance stability of
UAV, especially flying wing construction using LQR method
control system. It is expected that the plane can accommodate
waypoint mission with a minimal inconvenience.

Il. FLYING WING MODEL

The forces acting on a Flying Wing are visualized in Figure
1.
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Figure 1: Flying wing UAV model
A. Translation Movement
The determination of aircraft translational motion is
conducted by using Newton-Euler law relations, which is
based on Newton’s second law.
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ZF =ma (l)

m = mass (kg)
- m
a = acceleration ()

where:

Z F =F + Fyrapiry (2)
d d
ZF=mEvT=mEUT+(waT) (3)

where ;: v = translation velocity(?)

w = angular velocity ( %)

Linear vector velocity and total angular can be calculated
in Equations 4 and 5:

vp = iU +jV + kW 4)
w =iP +jQ + kR (5)

Thus, the forces that occur on the plane can be written in
the following matrix [18]:
i j ok
P Q R
u v w

wxvp = = (QW —VR) + (UR — PW) + (PV — UQ) (6)

Based on the earth’s gravity force on each plane axis the
force of each axis on the plane can be written [19]:

X = (U + QW — VR + gsin®) @)
Y = (V 4+ UR — PW — gcosOsing) (8)
Z = (W + PV —UQ + gcosbcos¢) (€)]

B. Rotation Movement

Rotational motion on a plane is defined through the angular
momentum acting on the system. The momentum has the
following Equation [18]:

H=lw (10)
where: H =angular momentum ( w)
| = moment of inertia ( kg.m?)
Torque that occurs in the system is:
d
lea(w+wx(u)+wa (11)
where: wxw =0
So Equation 11 can be Equation (12) and then (13).
4 =P +jQ + kR (12)
aL =P+
i j k
wxH=|P Q@ R (13)
hy h, h,

The moment of inertia that occurs on all the three axes of

the plane [19] as in Equation (14) with hy,h,and h, as
Equations (15)-(17) and (18).

Ixx _Iyy _Izz
H=|"Ly Ly -, (14)
_Ixy _Iyz Izz
hx = —LP — Iny — IR (15)
hy = =IyP + I,,Q — I,,R (16)
h, = —L,P = 1,,Q + I,,R 17)
LoP  —1,,0 —I,R
o= —ILyP 1,,0 —I,R (18)
—LyP —1,,0 IR

The plane has a symmetrical body to the plane XZ then I,
=1, = 0. Therefore, the moment of roll, pitch and yaw can be
applied by the Equations:

My = 1P — (R+PQ) + (2 — Lyy) (19)
My = Iny - (PZ + RZ) + (Ixx - IZZ) (20)
M, = 1,,R — L;P + (Lyx — Iy + RQL,) (21)
where: M, =L (roll)
M, is M (pitch)
M, is N (yaw)

I1l. CONTROL SYSTEM DESIGN

The Flying Wing aircraft control system design model is
derived from Equations (7)-(9), which are the torque
equations in the vehicle. Adjustment of the variables of the
flying vehicle into a variable for the aircraft model in this
study can be seen in Table 1.

Table 1
Variable Adjustment to Decline Model

Previous Variable  Variable Adjustment Description

T, roll torque

pitch torque
roll angular velocity
pitch angular velocity
translation velocity x
translation velocity y

S < Cco vZr
SS~EER

vertical velocity

Based on Table 1, the equation of motion of the x and y axis
rotation in Equations (19) and (20) can be adjusted only to the
extent of adjusting the variables without changing the
equation. So, the equations of rotational motion of the x and
y axis can be written in the Equation [20]:

Lixp + (Ixz (22)

— Iyy)a)gr =17
Iyyq + Ly — Izz)wqbr =12 (23)

where: I, = Inertia of the x-axis plane
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I, = Inertia of the y-axis plane
p = Acceleration of roll angle
g = Acceleration of pitch angle
T, = Pitch rate

7, = Roll rate

r =Yaw rate

Rotational motion on the x and y axes based on Equations
(22) and (23) can be modeled as follows:

LexP + Iz — Iyy)wGT =T (24)

Lyyq + (Ix — L) wgT = T2 (25)
The system parameters used in this waypoint mission

involve 10 controlled states:
e X position and x-axis translation velocity (v,)

y position and y-axis translation velocity (v,)

Z position and z-axis translation velocity (v,)

Roll angle (¢) and roll angular velocity (w, )

Pitch angle (6) and pitch angular velocity (w,)

So, the shape of the flying wing state space is described in
the following equations:

.G.’0100000Ao 0 0—7&’(1)0000‘
| loooo0oo0o0o0 0 0o -w ||%||> 000 0
V] U m

v/ joo1roo0o0o0 0 0 0 v |0 900 o)
g/ joooo100 w o 0 sl o =0 0 o0f[F
wl[000oQooo 0 0 0 ;’ 030?05
.l<floo0o0000 -v o0 0 flhlo 0 0 L ofF
Wilooooooo 1 0 0 w m L (26)
P (a1 effo 000 0
pl 0000000 0 0 = b oooTofM
Qooooooo(lgl)o 0 ollo 00 6 o
| [000 0000 =200 Q]| 000%
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The LOR control system diagram is as shown below.

Figure 2: Control system diagram of LQR in flying wing

The inertia of each axis can be calculated using the
following equations [18].

1
— 2 2
Lex = 5 m(b? +¢%) (28)

1

Iyy = Em(az + bz) (29)
1

I, = —=m(a? + c?) (30)

12

The purpose of LQR control is to find the K matrix gain as
the feedback gain to optimize the control system. The
selection of LQR controls is due to the method that this
control minimizes the cost function [21]. LQR control works
based on a matrix Q and R to get the best K value in order to
maintain flight stability. The weighting process of Q and R
matrices is done to get the control response in accordance
with the desired control specifications [22].

The value of Q is directly proportional to the value of the
auxiliary variable from the Riccati equation (P) for
determining the value of K. The value of P is proportional to
the reinforcement of the value of K, so the greater the value
of Q, the greater the value of K. The weighting of Q and R
values starts from value 1, then it will be added or subtracted
according to system requirements, but the Q and R constants
have opposing functions, if the value of R is large, then the
feedback does not really affect the system; therefore the
reasoning is only done on the matrix Q, where the matrix R
is given a value of 1 so that the value of R does not affect the
control [23].

The LQR control system is a control method that is
specialized as a regulator. The problem that arises is what if
the autonomous system change the state reference. Changing
the references with physical quantities from state is not the
same as the amount of the input reference. To solve the
problem, the state reference (x,.y) is given. The provision of
the references state will result in Equation 31.

X =Ax+ (—K(x — Xpef) (31)

IVV. ARCHITECTURE SYSTEMS

A. Electronics Design

The sensors used in this system include an accelerometer
and a gyroscope that produce data in the form of a roll and
pitch angle value. Navigating the aircraft using the compass
sensor and maintaining the heading of the aircraft using the
barometer provide altitude data with the Kalman Filter
method. In addition, this system uses GPS sensors to get the
x and y and longitude translational data and earth coordinate
data. In this study, the algorithm processing used in the
hardware part is the ARM Cortex-M4 microcontroller that is
used with computational calculation speeds reaching 72 MHz
and it has a flash memory of 256 Kbytes. While the actuator
uses a brushless motor with 1400 KV specifications and two
servo motors. The relationship between these electronic parts
is illustrated in Figure 3.

P RRIEEEEEER Microcontroller |-« -« -=--=--=-=-+
Accelerometer [—— + 3.3 Volt

H PWM 1 - ESC Brsuhless Motor
Gyroscope  — : :

: 12¢ PN 2 Servo Molor 1
Compass : Communication :

T PWM 3 Serve Motor 2
Barometer ——I_> -

i Serial ADC Voltage Devider

GPS + Communication 1

Telemetry : Serial
Module . Communication 2

Ground Monitoring
System

UBEC Baterry
5V 3A 12V

Figure 3: Architecture system
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B. Mechanics Design
The aircraft mechanical design made in this study is shown
in Figure 4.
Brushless

Right Servo Motor
Motor

Left Servo
Motor

Figure 4: Mechanics design of flying wing

C. Flow Concept Programming

The system will enter the initial conditions for initiating
sensor access, remote reading receivers, telemetry and
actuators. Then, the system will check whether the aircraft is
ready to fly or not. If the system is not ready to fly, any
command given will not affect the system of the aircraft. The
condition of the aircraft system ready to fly is done by
changing the switch mode on the remote.
The main program in flight condition will check the
subprograms that instruct the aircraft to fly in a stabilized
mode, heading mode or waypoint mission mode. When the
aircraft system runs all existing conditions, each condition
will carry out the calculation of the control of each controlled
state.

The main aircraft system program is described in a form of
a flowchart as shown in Figure 5.

Figure 5: Flow diagram programming
V. FLIGHT SCENARIO

Airplane flight scenarios in tracing waypoint points can be

explained based on the following points:

e The flight starts with manual take off by the pilot using a
remote control until the plane is headed for a certain
height.

o After the aircraft is at a certain height, the pilot will
deliver remote plane commands from manual mode to
stabilize mode. The mode allows the aircraft to maintain
aircraft stability on the axis for roll and axis for pitch.

46 ISSN: 2180 — 1843 e-ISSN: 2289-8131

e Furthermore, the pilot gives commands to the altitude
hold mode, this mode allows the aircraft to survive at a
certain height automatically.

e Then the pilot will give commands to the aircraft in
waypoint mode. In this mode, the plane will fly through
the pattern of waypoint points that have been determined.

e When the aircraft has completed the waypoint mission
and is at the end point, the flight will then be diverted
again by the pilot and controlled manually to make the
landing.

Basically, the plane can make translational motion along
the x or y axis of the framework body reference. As long as
the translation moves along the path on the axis-axis, the
plane gets input to roll. The roll will change the direction of
flying rides on translational flights. The input is a waypoint
coordinate. The waypoint coordinate points put on the plane
before the flight mission begins, to be a reference aircraft
movement. The aircraft utilizes data from GPS sensors, for
comparing the position of the latitude and longitude of the
vehicle to the point of destination coordinates, where the
feedback of the difference in value will be sent to the control
system to set the attitude of the vehicle roll so as to get to the
waypoint coordinates of the destination waypoint [24]. In this
study, three waypoints and one home point were used to
determine the direction towards the waypoint point needed to
determine the angle facing the plane to the point destination
coordinates [12]. This is called the bearing angle. This angle
can be searched by comparing the point coordinates of the
destination with the coordinates of the plane, which is shown
in Figure 6.

Destination

Plane bearing

Waypoint bearing

Set Pick Up

Figure 6: Bearing angle from two different point location [11]

Bearing angles were calculated from the compass angle
value of O degrees that lead to the north of the earth. The
calculation of bearing angles can be described based on the
following equation.

dLong = Longgest — Longqer * % (32)

al = sin(dLong) * (Latges; * ?) (33)

a2, = sin (Latdest * 17?0) * cos (Latdest * %) * cos(dLong) (34)
a2 = cos (Latdest * 1i0) *sin (Latdest * Zﬂ) —az, (35)
bearing = atan2(al,a2) (36)

where: dLong = Difference between the value of the
destination longitude and the actual longitude in the
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form of radians
al = Value of the earth’s axis
a2 = x-axis of the earth’s axis.

The calculation of the deviation of the aircraft’s position
with respect to the waypoint reference is shown in Figure 7.

y axis
A

:' (33, 12)

absis point
(4.4)

P x axis

(x.01)
Figure 7: Visualization of aircraft deviation from reference points

The picture above shows that (x1, y1) is the first coordinate
point of reference for the plane in tracing the path, assuming
the x and y axes are the same displacement with 0 meters. The
point forms a path along r with respect to (x2, y2), which is
the point of destination coordinates. The length of the path r
can be obtained through Equations (37)-(41), the point x
represents the coordinates of longitude and point y
representing latitude coordinates [8].

dLon =y, —y, (37)

dLat = x, — x; (38)

a = sin? (Z2) + cos(y) = cosyy) « sin? (20 (39)
b=2xatan2(Wa,V1l—a (40)
r=Rxb (41)

dLat is the value of the difference in the destination latitude
with the first latitude, dLon is the difference between the first
longitude coordinates and longitude coordinates of the
destination, as well as R is the radius of the earth at 6,371.000
meters.

V1. RESULT AND DISCUSSION

A. Roll and Pitch Rotation Response

The stability of the roll and pitch motion of the aircraft is
influenced by the state control, namely the angle of
orientation and angular velocity of each axis. Each state has
a full state feedback gain element obtained from weighting
variations, that is the Q element for each state. The Q element
of the roll motion state component and the pitch consists of
Qg and @, for roll, Qg and Q, to pitch. Q is used to get K, and
K, On the roll, Ky and K,,, on the pitch.

Table 2
Matrix Conversion Q Roll and Pitch to Gain K

Q K
000O0O0OO101 0O 0 O {0000001200
000O0O0OO O 392 0 0
000O0O0OO O 0 169 0 000000001366
0000O0O0 O 0 0 43.49
Table 2 shows the best Q value components required

by the system. The best value of K is influenced by the greater
weighting variation of Q element, and it will produce a
greater K gain value as well. A large K gain value will
produce torque on the aircraft system, making the system
more responsive [25].

The result of K gain obtained from weighting the value of
Q element is proven with the test results as follows.

Table 3
Characteristics Response of Roll Rotation

Result
Response Transient Minimum
Testl Test2 Test3 Requirement
Rise Time (tr) 0.25 0.9 0.18 <ls
Settling Time (ts) 0.8 0.7 0.7 <3s
Overshoot 122 0 155 <4.5°
Undershoot 0 -1.97 0 > -4.5°
Steady State Error -1.37 -0.85 1.01 +45°
Table 4
Characteristics Response of Pitch Rotation
Result
Response Transient ini
P Testl Test2 Test3 Mm_lmum
Requirement
Rise Time (tr) 0.32 0.19 0.29 <1s
Settling Time (ts) 1.2 0.7 0.8 <3s
Overshoot 1.27 13 0.73 <4.5°
Undershoot 0 0 0 >-4.5°
Steady State Error 1.42 0.78 0.75 +4.5°

Based on the roll and pitch rotational motion testing, the
aircraft already has minimum system stability characteristics.
Tests conducted on control both states prove that LQR control
is able to maintain stability roll and pitch torque against a
given disturbance with eliminated oscillation [27]. The state
control process in the rotational motion is the basic thing that
must be done to support the system flight as it is able to trace
the waypoint points.

B. Vertical Movement Response

The vertical motion characteristics of the aircraft are
obtained from giving a K gain to the LQR control over the
tuning of the Q parameter position z (Q,) or the height and
speed of the z axis (Q,,). The best Q tuning results are shown
in the following Table 5.

Table 5
Matrix Conversion Q Vertical Movement to Gain K

Q K

000025 0 0O0O0O0
0000 O 050000

} [0 o oo 0202 00 o0 0]

The designed control has been able overcome the aircraft’s
attitude in maintaining its altitude. Controlling the vertical
position will assist the aircraft in conducting a search. The
aircraft will tend to stall when turning in a certain direction if
it is not accommodated with vertical motion control.

C. Waypoint Mission Response of Bamboo Flying Wing
Testing aircraft motion to trace the waypoints built by
entering the three points on earth’s coordinates, and the
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latitude and longitude are different. The coordinates of the
waypoint points are listed in Table 6.

Table 6
Coordinate Point

Coordinate
Latitude Longitude
1 -7.7517409 110.3478775
2 -7.7500896 100.3484039
3 -7.7503271 110.3497696

Aircraft movement starts from the home point when the
waypoint mode is activated. Then, the home point of the plane
will go to the first coordinate point (wpl), and then the plane
moves to the coordinates (wp2) and ends at (wp3). The path
pattern in the stopover sequence at a waypoint station will be
traced to the aircrafts that are accommodated using the LQR
control system.

The accuracy in tracking the waypoints reflects that LQR
control methods are able to accommodate aircraft stability.
The accuracy value of the aircraft is obtained based on the
position of the aircraft path inside the fault tolerance limit
during the flight mission, and the calculation is done with the
following equation.

a
Accuration = 3 100 % (42)

a = Number of data in boundaries
b = All of data

where:

The results of testing the LQR control method applied to
the waypoint mission provide the characteristics of flight
movements, which are detailed in the following table.

Table 7
Characteristics Response of Roll Rotation

- 5 D 2
S = <= 7 b w <
z & §& 2 £ A =
2 g F g
@ o}
1 wpl to wp2 165 1266 138 -4.09 87%
wp2 to wp3 152 7.34 15 -2.62 100%
2 wpl to wp2 165 15.9 111 -4.5 75.4%
wp2 to wp3 152 0 15 -2.72 100%
3 wpl to wp2 165 9.33 12.2 -4.2 88.3%
wp2 to wp3 152 8.74 129  -5.03 79%

The best aircraft movement plot is shown in Figure 8.
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Figure 8: The characteristics movement of aircraft when doing a
waypoint flight mission

After several attempts, the best results were obtained for
each track. The best results for the first waypoint (wpl) to the
second waypoint (wp2) were obtained at the accuracy of 88.3
%, steady state error -5.51 with a travel time of 12.2 seconds.
For the movement from the second waypoint (wp2) to the
third waypoint point (wp3), the best results were obtained
with an accuracy rate of 100 %, steady state error -2.62 with
a travel time of 15 seconds.

Other than that, the system generates a steady state error of
3.55% (-4.26 m), with the largest deviation of 10.55% (12.66
m) and an average accuracy of 83 % when tracing the
movement from wpl to wp2. In this case,the tendency of
steady state error is 2.88% (3.45 m), the largest deviation is
7.28% (8.74 m) with an average accuracy of 93 % for tracing
from wp2 to wp3.

The aircraft oscillation looks sufficiently large when
entering the first waypoint point. This is caused by the
starting point of activating the waypoint mode to point first,
when the waypoint forms a bearing angle that is more than 90
o from the angle of large bearings that causes a deviation in
tracking the track. In addition, the aircraft’s tendency to
deviate from the coordinates at the waypoint is influenced by
the x-axis translational state input obtained from GPS sensor
readings. Here, they are included in the low-frequency
category so that it is not balanced with changes in actual
aircraft displacement on at that time [27]. However, the
deviation that occurs is still limited in comparison to the
given tolerance threshold. The tolerance limit of the system
is 6 meters to the left and 6 meters to the right, with the
plane’s maneuvering slope when searching for waypoints is
15° Thing this is due to the tendency of the aircraft to
decrease in altitude when maneuvering. To keep the plane
from stalling maneuvering is given a maximum angle limit
when turning and assisted with maintain height.

VII. CONCLUSION

In this work, the model design of control system using LQR
methods in waypoint mission have been proven in experiment
test. The results show that the system responses represent the
performance of flying wing in the waypoint has good stability
in maintaining and holding position from the path. Flying
wing also produces a very low steady state error and high
accuracy. These results indicate that LQR controller results in
the robust characteristic of the plane.
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