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Abstract. One of the popular UAV applications in the logistics sector is the use
of UAVs as couriers to deliver goods to customers’ homes. In this application, the
UAVmust be able to follow the given trajectory while avoiding the existing obsta-
cles to get to the customer’s house. To fulfill this, UAVs require an autonomous
trajectory tracking and obstacle avoidance system. One of the control systems
commonly used in UAVs is to use a linear-quadratic regulator (LQR) and back-
stepping control (BSC) and utilize LiDAR as an obstacle detector. With the help
of MATLAB, simulations of open loop, close loop, trajectory tracking and obsta-
cle avoidance were carried out. The close loop test shows a steady state error of
0.000024 m and 0m for orientation control and position control. The performance
of the LQR-BSC control system in the trajectory tracking simulation shows the
MAEperformance values of 0.1429, 0.0015 and 0.1267 for position control.While
the simulation of obstacle avoidance using the LQR-BSC control system and the
LiDAR sensor as detection shows that the quadcopter can avoid the obstacles
given.

Keywords: Backstepping Control · LiDAR · Linear-Quadratic Regulator ·
Obstacle Avoidance · Quadcopter

1 Introduction

Unmanned Aerial Vehicle (UAV) is one of the classifications of aircraft that can fly
autonomously without the need for a pilot. UAV is a system consisting of aircraft com-
ponents, sensors, and ground control station. The flight attitude of the UAV can be
controlled by electronic devices embedded in the UAV itself automatically or controlled
through the ground control station. At first UAVwas more often used for military needs.
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However, along with the times, UAVs are widely used for various needs in various fields
including logistics, agriculture, remote sensing, to smart city applications. One of the
popular factors in the use of UAVs is because UAVs are autonomous. The UAV has
an embedded control system so that the UAV can operate without any human inter-
vention. The UAV can control its flight attitude based on the sensors installed on the
UAV in question. One of these sensors is the Inertia Measurement Unit (IMU) which
is used to monitor the flying attitude of the UAV. With only the IMU sensor, with the
help of the kalman filter, the parameters needed for UAV control can be estimated. In
addition, the UAV can also detect obstacles such as billboards when flying in the air.
Detection of these obstacles can be done by using a monocular camera [1]. In addition
to utilizing monocular cameras, the use of LiDAR for UAV environmental sensing is
also commonly used where the LiDAR sensor has the advantage of distance estimation
and can operate in low light environments [2]. In previous research on quadcopter-type
UAV control systems, one of the commonly used control systems is the linear-quadratic
regulator (LQR), which is the optimal control by utilizing the quadratic cost function
[3]. In practice, control systems using LQR can also be combined with other control
systems. The control system that utilizes a combination of LQR and sliding mode con-
trol shows better performance in controlling quadrotor UAVs compared to using only
LQR [4]. In addition to using LQR, the practice of using backstepping control (BSC)
is also quite commonly used in quadcopter control because the BSC is robust and can
guarantee system stabilization [5].

2 System Modelling and Control System Design

2.1 Quadcopter Modelling

System modeling is carried out to obtain a mathematical model of the quadcopter to be
controlled. In the proposed control system, a state-space model of quadcopter dynamics
is needed in which the general equation of the state-space model itself is formulated in
Eq. (1) [6].

ẋ = Ax + Bu (1)

Where A and B are state matrices, input matrices. While the matrix x, and matrix u are
state vectors and input vectors.

The state x vector in quadcopter modeling itself is shown in Eq. (2).

x = (φ, φ̇, θ, θ̇ , ψ, ψ̇, x, ẋ, y, ẏ, z, ż)T (2)

While the input vector u itself is shown in Eq. (3).

u = (
U1,U2,U3,U4,Ux,Uy

)T (3)
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Based on the quadcopter dynamics that have been developed previously, the state-
space model of the quadcopter can be formulated as in Eq. (4) [7].

ẋ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

φ̈ = IU2
Ixx

− θ̇Jr
Ixx

wr + ψ̇ θ̇
(
Iyy−Izz
Ixx

)

θ̈ = IU3
Iyy

− φ̇Jr
Iyy

wr + ψ̇ θ̇
(
Izz−Ixx
Iyy

)

ψ̈ = U4
Ixx

+ φ̇θ̇
(
Ixx−Iyy
Izz

)

ẍ = U1
m Ux

ÿ = U1
m Uy

z̈ = U1
m (cos(φ) cos(θ) − g

(4)

The mathematical model in Eq. (4) is then linearized by determining the stable point
of quadcopter operation [8]. The stable point is chosen based on the hovering position
of the quadcopter which is the quadcopter’s position when it can hover with a lift force
equal to the force caused by the acceleration of gravity [9]. When in a stable condition,
the quadcopter experiences a state as shown in Eq. (5).

⎧
⎪⎪⎨

⎪⎪⎩

θ = φ = ψ = θ̇ = φ̇ = ψ̇ = θ̈ = φ̈ = ψ̈ = 0
ẋ = ẍ = ẏ = ÿ = ż = z̈ = 0

wr = wr,hover

ẇr = ẅr = 0

⎫
⎪⎪⎬

⎪⎪⎭
(5)

Furthermore, to apply linearization to the state vector, an approach is carried out by
substituting the conditions in Eq. (5) to Eq. (4) so that a linear model of the quadcopter
in Eq. (6) is produced [10].

ẋ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

φ̈ = lU2
Ixx

θ̈ = lU3
Iyy

ψ̈ = U4
Ixx

ẍ = U1
m Ux

ÿ = U1
m Uy

z̈ = U1
m − g

(6)

Furthermore, to minimize calculations, state reduction techniques are also used to
simplify mathematical calculations [10]. With this technique the state vector in Eq. (6)
will be reduced to so that only the orientationvector is representedby (φ, φ̇, θ, θ̇ , ψ, ψ̇)T ,
So that the state-space equation for the orientation control system in the format of Eq. (1)
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Table 1. Quadcopter Modelling parameter.

Parameter Values Unit

Arm length (l) 0.23 Meter

Inertia coefficient (lxx) 0.01557 Kg. m2

Inertia coefficient (lyy) 0.01557 Kg. m2

Inertia coefficient (lxx) 0.02098 Kg. m2

Mass (m) 1.3 Kg

Gravity (g) 9.81 m/s2

will be Eq. (7).

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

ẋ1
ẋ2
ẋ3
ẋ4
ẋ5
ẋ6

⎤

⎥⎥
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⎦

=

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0

⎤

⎥⎥
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⎦

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

x1
x2
x3
x4
x5
x6

⎤

⎥⎥
⎥⎥⎥⎥⎥
⎦

+

⎡

⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢
⎣

0 0 0
1
t 0 0
lxx 0 0
0 0 0
0 l

tyy
0

0 0 0
0 0 1

lyn

⎤

⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥
⎦

⎡

⎣
U2

U3

U4

⎤

⎦ (7)

The values of themodeling parameters used alone are presented in Table 1 as follows.

2.2 Control System Design

LQR requires a diagonal matrix Q and R, each of which serves to determine the weight
of the state as well as the control signal on the cost function as Eq. (8) [11].

I =
∫ ∞

0

(
xTQx + uTRu

)
dt (8)

In this study, the Q matrix is an identity matrix that has 6 × 6 dimensions as in
Eq. (9). While the matrix R is also an identity matrix which has 3 × 3 dimensions as in
Eq. (10).

Q =

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 10 0
0 0 0 0 0 1

⎤

⎥⎥
⎥⎥⎥⎥⎥
⎦

(9)

R =
⎡

⎣
1 0 0
0 1 0
0 0 1

⎤

⎦ (10)
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For the backstepping control, the height of the quadcopter will be controlled with a
U1 signal. The dynamic equation for the quadcopter height is taken from Eq. (6) so that
Eq. (11).

{
ẋ11 = x12

ẋ12 = U1
m − g

(11)

In addition, it also takes the error of the height e11 which is defined as Eq. (12).

e11 = x11d − x11 (12)

Where x11d is the quadcopter altitude setpoint.
In backstepping control, the Lyapunov equation is needed which in this study is

chosen the positive Lyapunov equation which is formulated in Eq. (13) [12].

V11 = 1

2
e211 (13)

Which if the Lyapunov equation is derived with respect to time, we get Eq. (14).

V̇11 = e11(ẋ11d − x12) (14)

To make the system stable, the derivative of the Lyapunov equation must be negative
[13]. To meet these requirements, a virtual input x12 is created which is formulated in
the Eq. (15).

x12 = ẋ11d + c11e11 (15)

Where c is a positive constant. With the virtual control input in Eq. (15), to make
the system stable the derivative of the Lyapunov function in Eq. (14) must meet the
requirements as inequality (16).

V̇1 = e11(ẋ11d − x12) ≤ −c11e
2
11, c11 > 0 (16)

e12 error is also defined which is formulated as equation

e12 = x12 − ẋ11d − c11e11 (17)

With e12, Eq. (14) can be redefined into Eq. (18).

V̇11 = −e11e12 − c11e
2
11 (18)

Then the second Lyapunov equation is defined which is formulated in Eq. (19) [14].

V12 = V11 + 1

2
e212 (19)

V̇12 = −e11e12 − c11e
2
11 + e12(ẋ12 − ẍ11d − c1e11) (20)
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If Eq. (11) is substituted into Eq. (20), then Eq. (21) will be obtained as follows

V̇12 = −e11e12 − c1e
2
11 + e11

(
U1

m
− g − ẍ11d − c11e11

)
(21)

From Eq. (21), the control input U1 can be taken to satisfy the inequality (22) [14].

V̇12 = −c11e
2
11 − c12e

2
12 < 0 (22)

So that the equation U1 is obtained which is written in Eq. (23).

U1 = m(e11 + g + ẍ11d + c12e12 + c12(ẋ11d − x12)) (23)

For controlling the X position andY position, the same thing as Eq. (11) to (23) is carried
out so that the Ux and Uy equations are produced as in Eqs. (24) and (25).

Ux = m

U1
(e7 + ẍ7d + c8e8 + c7(ẋ7d − x8)) (24)

Uy = m

U1
(e9 + ẍ9d + c10e10 + c9(ẋ9d − x10)) (25)

2.3 Obstacle Avoidance Algorithm Design

The obstacle avoidance algorithm used in this study is based on the detection of obstacles
using the LiDAR sensor. When lidar emits a laser, when there is an obstacle, lidar will
detect the obstacle based on the reflection of the laser beam back. From the reflected
data, tcloud points will be generated which contain information on the position of the
obstacle relative to the LiDAR sensor. Based on this information, the obstacle avoidance
algorithm is designed based on the estimated length and width of the obstacles detected
by LiDAR. The flow of the data processing process using the LiDAR sensor is shown
in the flow chart in Fig. 1.

Toget themaximumandminimumobstacle positions, the actual quadcopter positions
of xact and yact are needed. The calculation of the obstacle position is carried out with
Eq. (26) to Eq. (29) as follows.

xobs,min = xpt,min + xact (26)

xobs,max = xpt,max + xact (27)

yobs,min = ypt,min + yact (28)

yobs,max = ypt,max + yact (29)

With this value, the value of the new setpoint can be generated to avoid obstacles by
using Eq. (30) and Eq. (31).

xav =
{
xabs,min − 3, xact − xabs,min ≤ xabs,max − xact
xabs,max + 3, xact − xabs,min ≥ xabs,max − xact

(30)

xav =
{
xabs,min − 3, xact − xabs,min ≥ xabs,max − xact
xabs,max + 3, xact − xabs,min ≤ xabs,max − xact

(31)
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Fig. 1. Obstacle avoidance flowchart.

3 Result

3.1 Close Loop Test

Close loop testing is carried out to review the performance of the proposed control
system. The input step is given as the desired setpoint for the orientation and position
of the quadcopter. In the close loop test for position control, the test is carried out with
variations in the gain values of c7, c9, and c11 so that it can be seen the effect of
differences in performance from each difference in the value of the gain constant of the
proposed position control system. Figure 2 is a position response graph from the close
loop test results with the test performance shown in Table 2.

In the close loop test for the quadcopter orientation controller, a test variation is given
in the form of weighting the orientation state on the Qmatrix as in Eq. (9) which is given
a weighting variation on the values of Q(1,1), Q(3,3) and Q(5, 5) of 1, 5, and 10 so that it
can also be seen the effect of differences in performance from each difference in the state
weight values on the Qmatrix for the LQR controller of the proposed orientation control
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Fig. 2. The response graph of the quadcopter X position of the close loop test results.

Table 2. Performance of quadcopter attitude control of close loop test results.

Table 3. Performance of quadcopter position control of close loop test results.

system. One of the responses from the close loop test results for orientation control is
depicted in the graph in Fig. 3 with the performance shown in Table 3.

3.2 Trajectory Tracking Test

This trajectory test is carried out to determine the ability of the proposed position con-
troller to follow the setpoint which will continue to change over time. The setpoint will
form a patternwhich is shown in Fig. 4. In this test, a variation of the value of the constant
c is given which is the same as the close loop test with the test results shown in Fig. 5
and Table 4.
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Table 4. Performance of trajectory tracking test results.

State MAE

c = 1 c = 2.5 c = 5

x 0.4416 0.2546 0.1429

y 0.006 0.0029 0.0015

z 0.231 0.1639 0.1267

Fig. 3. The response graph of the quadcopter rolls orientation of the close loop test results.

Fig. 4. Quadcopter test trajectory.
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Fig. 5. The response graph of the Quadcopter X position of the trajectory tracking test results.

Fig. 6. Obstacle avoidance test environment.

3.3 Obstacle Avoidance Test

In this test, a simulation is carried out to see the performance of the proposed avoidance
algorithm. Obstacle avoidance testing is carried out by providing several destination
waypoints and obstacles between these waypoints as depicted in Fig. 6.

The test is carried out by varying the value of the backstepping constant c with the
same value as in the previous tests. In addition, a variation of the weighting of the matrix
Q (5,5) with values of 1, 50, and 125 is also given. The following Fig. 7 shows the
response of the quadcopter position as a result of obstacle avoidance testing with a value
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Fig. 7. The result of obstacle avoidance test, Q (5,5) = 1.

Fig. 8. The result of obstacle avoidance test, Q (5,5) = 50.

Fig. 9. The result of obstacle avoidance test, Q (5,5) = 125.

of Q (5,5) = 1. In the test with a weighting variation of the matrix Q with a value of 1,
the quadcopter cannot avoid obstacles on time as shown in Fig. 7.

The second test with a weighting variation of the matrix Q (5,5)= 50 shown in Fig. 8
resulted in better dodging performance. This is indicated by the success of the quadcopter
to avoid field obstacles for each variation of the backstepping constant. Due to the test
with the weighted variation of the matrix Q (5,5) showing improved performance, the
test was continued with the next variation, namely the weighting matrix Q (5,5) which
was given a value of 125 where the response of the variation is shown in Fig. 9. On the
weighted matrix Q (5,5) which is given a value of 125 variations of good performance
in avoiding existing obstacles. The response of the weighting variation of the matrix
Q (5,5) with a value of 125 shows the success of all variations of the position control
backstepping constant to avoid obstacles in the path.
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4 Conclusion

After the text edit has been completed, the paper is ready the results of the close loop
simulation for orientation control show that the performance of the orientation control
system using LQR can have a very minimum steady state error of 0.000024 rad with a
risetime of 2.31 s for weighting variations on the Q matrix equal to 1. However, it has
the disadvantage of not achieving the setpoint if the weighting the Q matrix is given a
value of more than 1. While for position control shows the performance of the position
control system using the BSC has a steady state error value with a value of 0 m for all
test variations with the smallest rise time of 1.52 s given by the variation of the constant
c with a value of 1 which at the same time has the highest overshoot with a value of
4.3%.Obstacle avoidance simulation using the LQR-BSC control system and the LiDAR
sensor as an obstacle detector shows that all variations of the c constant for backstepping
control can avoid the obstacles given by the variation of the weighting matrix Q (5.5)
with a value of 125. In future research, popular avoidance algorithms such as RRT* or
VFH can be applied so that better obstacle avoidance performance can be obtained.
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