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The quadorotor is a type of unmanned flying vehicle known as Unmanned
Aerial Vehicle (UAV). In recent years, quadrotors have attracted much
attention from researchers around the world due to their excellent
maneuverability. A good control system in this quadrotor system is needed for
ease of use of this quadrotor. One control system that is often used is the Linear

Quadratic Regulator (LQR) control system. This control system has

challenges for dynamic system disturbances in quadrotor control. Researchers
Keywords: proposed a recurrent artificial neural network (RNN) system to address these
Quadrotors challenges.RRN is used to change the value of the feedback component i_n th_e

LQR control system. The nature of the feedback component in LQR, which is
LQR static, is changed based on the system error value based on changes in the error
Recurrent neural networks value entered into the RNN. The result of this RNN is a change in the value of
the LQR feedback component based on the input of the system. The results of
this research show that LQR control with RNN produces a faster system
response of 0.075 seconds and a faster settling time of 0.221 seconds.
Compensation for the system response speed produces a higher overshot
value.
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1. INTRODUCTION

Quadorotor is a type of unmanned flying vehicle or known as an Unmanned Aerial Vehicle (UAV)
[1]. In recent years, quadrotors have attracted much attention from many researchers around the world, due to
the fact that their maneuverability is excellent [2]. The quadrotor is capable of carrying out autonomous flights
in unmanned mode. This is because quadrotors can be operated with remote controllers and independent or
autonomous program control devices [3]. This quadrotor-type UAV vehicle has many advantages such as high
flexibility, can fly autonomously, very small runway requirements, simple maintenance, and low maintenance
costs [4]. This quadrotor is widely used in various fields such as military reconnaissance, agricultural
monitoring, civilian aerial photography, etc. [5]. Even now quadrotors can carry out several types of dangerous
and difficult missions such as search and rescue, surveillance, inspection, mapping, and aerial cinematography

[6].
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Quadrotor control is a challenging problem because it considers a variety of complex things such as
parametric uncertainties, external disturbances, motor failures, and others [6]. At the spatial level, three degrees
of linear freedom along three axes and three degrees of freedom rotating along three axes are used as six degrees
of freedom for a quadrotor [3]. Meanwhile, attitude angles play an important role in changing position
coordinates which have a direct effect on control.

In recent years, there has been a tendency to emerge novelty in control theory. Researchers have
obtained several theoretical algorithms to control quadrotors. Conventional control for quadrotors that have
been widely used, such as PID [7], state feedback control system [8], LQR [9] and so on. However, due to the
linear nature of the control, many non-linear controls have been developed that have begun to be developed.
Some of these controls are, for example, using an adaptive sliding mode control system [10], fuzzy method
[11] and control by combining a liner control system with an artificial intelligence system [8]. With advances
in the computing capabilities of microprocessors, some researchers are developing natural optimization
methods such as Genetic Algorithm (GA) [12], Multi-Objective GA, Tabu Search, Particle Swarm
Optimization (PSO) [11] and CSA [13], artificial neural networks [14] and others.

The full-state feedback LQR method is a development of the pole placement method and the
Hamiltonian Jacobi Bellman (HJB) method by setting the state of the system on a zero-value system by
inserting the system as optimally as possible [15]. The setting has the goal of minimizing the overshoot values
and obtaining a timely response according to the specified system criteria.

The altitude control system with the full-state feedback LQR method on quadrotors has weaknesses
caused by several basic things. This is due to the linearization of the control with LQR and the improper
calculation of the control modeling parameters [16]. The value of the fixed feedback constant component will
make the system response poor. This is because the quadrotor system receives many irregular disturbances,
while the control system used cannot accommodate these disturbances [17]. Due to this, a system is needed to
regulate the value of the feedback constant so that the system can maintain the height of the quadrotor system.

From several method studies above, one of the good methods for time series data is the method
Recurrent Neural Networks (RNN). The application of RNNs in the field of dynamic control systems has
recently witnessed tremendous growth due to its remarkable learning, adaptability, and generalization.
However, RNN implementation requires a large number of parameters to be defined offline before live
implementation. Due to the unavailability of faster training algorithms for RNNs, the application of RNNs in
on-line tuning of controllers is still poorly explored.

2. METHOD
Quadrotor Model Determination

At this stage, the quadrotor system model was determined using Newton-Euler’s concept obtained
with previous research. This stage will simulate a quadrotor system model with a mathematical model approach
for translational motion and quadrotor rotational motion.

This research uses a quadrotor with an X configuration that utilizes four rotors. These four rotors are
divided into two front rotors and two back rotors. This pair of two pairs of rotors rotate in different directions.
Two rotors rotate in a clockwise direction, whereas the remaining two rotate in a counterclockwise direction.
Each arm of the quadrotor is equipped with rotors with the same rotation direction [18]. This can be seen in
Figure 1.

Figure 1. Quadcopter model [19]
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Each Mi rotor with i =1, 2, 3, 4 will generate a force Fi that is proportional to the square of the motor
speed. The lift force on the quadrotor is calculated as the sum of the upward thrust generated by each rotor.
This study focuses on controlling the height of the Z-axis. The quadrotor has a lift, which is obtained through
Equation (1) [18].

Fi=bw?i=1234 1)

Where F is the lifting force on each rotor, i is the i-th rotor index while the value b is the constant
value of the lifting force of the propeller used, and the value is the rotational speed of each propeller.

Modeling of the quadrotor system is carried out using the Newton- Euler equation approach. Newton's
alternate law is used to find the relationship between thrust F and the acceleration a endured by a center of
mass. This is shown in Equation (2). The lift force on the quadrotor is the result of the total lift force on each
rotor on the quadrotor. The total force is reached by equation (5) [18].

F =ma (2
4
Fr=u = ZFi ®)

The movement of the quadrotor on the earth's z-axis can be modeled using the rotation matrix in
equation (2) and Newton's 11 law in equation (3), so that it is derived into three equations according to the force
that occurs on each translation axis.

The translational motion on the z-axis can be described by Equation (4) [13]. Lifting force (thrust) or
Fiotq; Obtained from equation (5). In translational motion on the z-axis of the earth, the value of the force F is
reduced by the weight of the quadrotor. At the time of translational movement on the y-axis of the Earth, the
angle that changes is only the angle ¥ (yaw). Angle 8(pitch)and ¢ (roll) considered unchanged so that it is
considered to have a value of 0. This makes Equation (5) can be simplified into equation (6). Equation (7)
shows the translational motion acting on the z-axis [20].

F,=—Fr.Ry +m.g 4)
mz = —(cospcosO)Fy + mg (5)
mzi=—-Fr+m.g (6)
-1 ()
"
z= 0 +9g

Determination of Control System Parameters

This stage will be carried out to take parameters on the quadrotor system in accordance with the actual
situation. This is done to go beyond the mathematical models that have been made. Parameter values are
obtained from various sources such as measurements, data sheets, etc. The components that are taken
parameters are motors, quadrotor frames, electronic systems, and so on.

The stage for determining system parameters is the calculation of system characteristics which are
influenced by each component used in the quadrotor system. The character of these components describes the
system if it is modeled in a simulation system.

The mechanical frame used in this research is 450 mm diagonally from each rotor center. The
quadrotor frame is made of plastic for the arms and circuit board material for the middle frame. Each rotor is
placed in an X configuration with a 45 ° tilt at the end of the quadcopter arm. The ESC as a rotor speed
controller is placed under the quadcopter arm. The rotor unit used is a brushless rotor type and size X2212 with
a power of 980 kV. Each rotor has a diameter of 285 mm, propeller pitch 114mm. Using the rotor specifications
and propeller size of each brushless motor mounted on a 10x45 propeller, a maximum lifting force of 0.7 kg
can be achieved for each rotor. The results of the four rotors are used to lift a quadcopter weighing 1300 grams
with a rotor speed of 50% of its maximum capacity. This character of the system uses the system character
used in previous research [18].

The moment of inertia of this system is described by, I,.1,,1,,, and is the moment of 1, inertia
acting on the axis and frame on the I,, quadrotorx, y, z with kgm units respectively. The inertial value of the
quadrotor is shown in Equation (8) [18].
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n

L = ) (I, + a7 +52) ®)
i=1
The component dimensions are shownTable 1 and the component masses are shown in Table 2.

Table 1. Component dimensions [18]

No Component Long Wide Tall Radius Satua
n

1  Component centers 0,1395 0,0443 0,0312 - metre
5

2 Quadrotor arm 0,215 0,03155  0,0102 - metre
5

3 ESC 0,04525 0,025 0,0087 - metre

4 Rotor - 0,028 0,01375  metre

5 Baling- propeller - - 0 0,127 metre

6 Battery 0,14 0,05 0,03 - metre

Table 2. Components of mass and shape type [18]

N Component Mass  Unit Kind

0

1  Component centers 0,68 kg Beam
2 Quadrotor arm 0,027 kg Beam
3 ESC 0,035 kg Beam
4 Rotor 0,06 kg  Cylinder
5 Baling- propeller 0,008 kg Cylinder
6 Battery 0,392 kg Beam

Each element is also determined by the value of the moment of indolence grounded on the size of the
element, the mass of the element, and the position of the element with respect to the center of mass. The inertial
value on each element is also added on each axis. The result of calculating the total value of indolence on the
axis: 2,26 x 10%2kgm?. This number was also used in previous research [18].

Design of the quadrotor control

At this stage, the design of the classic LQR control and the LQR control of artificial neural networks
is carried out. The design of this control system pays attention to several parameters that will affect the existing
control system. The parameters that are the reference for the artificial neural network system are the system
response read from the input angle and the angle velocity input processed from the system simulation test.

w (gangguan)

+

,
Final conirof Final control Y

element elenent

Kontroller

xR('f (set point}

Sensor

Figure 2. Closed loop control system for the quadrotor [8]

Control of the quadrotor is generally shown in Figure 2. The value of entering the system is in the
form of Xref set points. The input can be in the form of values that have been determined by the program or
from the control system. The reference value is then compared to the sensor reading that shows the position of
the quadrotor relative to the ground. The result of the difference is called the error value. The error value will
be a reference of the controller so that the controller can control according to the error value obtained. The
controller issues a control signal which then becomes the input to the final block of control elements. The block
serves to change the position of the quadrotor so that its position matches the desired reference value. The
result of the control is then read back by the sensor and then re-compared with the reference value.

State Space Representation
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A state space representation is a mathematical model of a system in the form of input, output, and
state variables related to first-order differential equations [21]. In general, the state-space representation of a
linear system with input p, output g, and variable n state is written in the form of equations(9)10) [20].

x(t) = Ax(t) + Bu(t) 9)

y(t) = Cx(t) + Du(t) (120)
x(t) is State Vector, y(t) is Output Vector, u(t) is Input Vector, A is System Matrix, B is the input
matrix, C is the output matrix, and D is the feed forward matrix. We start by selecting the state of the system.
The total upward force on the u, quadrotor along the y-axis obtained from (F; —mg. (3)11(7))(11)(12).

z=1 (11)

Z=—-u;/m (12)

The following two states are practically suitable for quadcopters at 1 DOF, for altitude control,
obtained from equations (9) to (12(9)14(12)(14) where z is a position along the z-axis (height) and v, is a
speed along the z-axis. The y output of this system consists of a vertical position.

] =00 ol * 1 10 13)
xAxBu

[21=01 ollo][, ]
yCDx (14)

Design Control with LQR with Recurrent Artificial Neural Network

At this stage, the implementation of LQR classical control is carried out with the value of the tuned
feedback paremeter and the results of tuning the artificial neural network. This control simulation stage is
carried out by encoding LQR controls using MATLAB. In this simulation, it is used to observe the response
of the system. At this stage, the transient response of the system is observed. The system's transient response
is in the form of overshoots, steady-state errors, and so on.

The artificial neural network architect used in this study can be seen in Figure 3. The system in this
architecture gets an input from the error value of the position of the system altitude. This error is obtained from
the difference between the reference value and the sensor reading value. The results then became input from
the first artificial neural network. The output of this first artificial neural network is then input from the second
artificial neural network. The output of this second artificial neural network becomes the input of the third
artificial neural network. The results of this third artificial neural network are taken from the results of the
hidden layer output of the third artificial neural network. This value will be the value of the feedback constant
(K) of the system used.

P 1

B K1
i= Ac+Bu
1 (1
» k2 K Sistem LQR RNN
LQR RNN
>

IN NN

G+ P In NN - OUTNN ——PIn NN OUTNN [——FIn NN OUTNN

.
STEP INPUT
K2
NN V3 NN V4 NN V1

Figure 3, Recurrent neural network diagrams

In this part is the architecture of the artificial neural network used in the artificial neural network series in
Figure 3. In the repetitive artificial nerve network, there is an artificial nerve network in it. This artificial neural
network consists of 1 input node, 3 hidden nodes, and 1 output node. Input from the system network is the
system error value on the first neural network which is then processed into the current error value and the
previous error value. Then the recorded value is inserted into the artificial neural network. Each of these nodes
uses the sigmoid activation function. The artificial neural network used in this system is shown in Figure 4.
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—
KD_NN

QUTNN

Figure 4. Artificial neural network architecture in RNNs

3. RESULTS AND DISCUSSIONS

The results obtained from this initial stage are the results of the calculation of inertia for each axis of
this system. The result of the calculation of the total value of inertia on the z-axis is 2,26 x 10 kgm?. These

results are then used for the simulation parameters of the system.

Calculating the Controllability System

Controlability is a test to determine how many states the system can be controlled with. The results of

this stage show that on the Z axis 2 control states can be determined.

m=1.2;
p = 1/m;
zz = 0.0226;
A = [0 1;
0 0;1;
B = [0 0;
p 0;1;
c=110;1;
D= [0 01;
states = {'z' 'vz'};
input = {'ud'};
outputs = {'z';};
sys ss =
ss(A,B,C,D, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;
poles = eig(A);
co = ctrb(sys_ss);
controllability = rank(co)

Output:

ANS:

controllability

2

Calculating the value of the Feedback K Component

In this section, the researcher focuses on the Z-axis control system. The program listing used for Z-
axis control. The parameters used are shown in Figure 5. The parameters that play a role in the control of the

Z axis are the mass of the quadrotor and the influence of gravity.
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1 m=1.2;
2 0=9.8;
3 u=mx*g;
4 % u=1;
5 p =u/m;

Figure 5. System parameters

Next, the state system for the Z axis is with values A, B, C, and D. This state will only affect the Z-
axis. The state system is shown in Figure 6.

1 A= [0 1;
2 00;1;
3 B = [0;

4 p;l;
5 c=110:1;
6 D = [0];

Figure 6. State system Sh Z

From the state of the system above, the system is then tested with a step test on Matlab. The results
of this test are shown in Error! Reference source not found.. The figure shows that the system response has r
eached the desired height set point value. However, in this figure the value of the system output returns to a
high error value towards zero again.

I T T T T T T T T T

0.5 7

state Z

(s 1 1 LT ] 1 1 1 1

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Figure 7. Results of the Step test for Sb Z

Next, the feedback component tuning was carried out for Sb Z. The value of the K component obtained
was K(1) = 31.6228 and K(2) = 2.5404. The results of the system response for these components are shown in
Error! Reference source not found.. The results show that the system response can be stable in less than 0.6 s
econds. However, in Error! Reference source not found. it can be seen that the final value of the system
response has not reached 1 which is the final goal of the system. The results of the test obtained a rise time
value of 0.112, an overshoot value of 4.32%, a settlement time of 0.339, and a final value of 0.0316. This shows
a good response for a system, but with the final value that is not yet suitable, this system cannot be considered
good.

fpituse

Tierws (sinconas)

Figure 8. Results of Sh. Z's response
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To improve the system response so that it can reach the appropriate final response, an additional Nbar

system is given. This
for the value compon
that the final value ca

system uses the formula -inv(C*inv(A-B*K)*B). The result of this calculation is entered
ent B. The response result of this new component is shown in. In the figure, it is shown
n go to the final value of 1 for the system response to the step. The results of the response

in Error! Reference source not found.show that the final value target is in accordance with the target (1). In o

ther words, the value
this method is shown

of steady-state error in the system is close to zero. The analysis of the system response in
in Error! Reference source not found.. In Error! Reference source not found., the

rise time value is 0.112, the overshoot is 4.32%, the settling time is 0.339, and the final value is 1. The
components of rise time, overshoot, and Settling time produce the same value, but the biggest difference is the
final value, in the final value which gets a value of 1. This shows that the system can work according to the

desired set-point value.
Step Response
120 T T & T T T T !
1Ei
0.8 - =
o !
& !
=
=060 -0
= !
<
0.4 [~ =
0.2 - =
o | | ﬁ | | | | 4
0 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (seconds)

Figure 11. Results of the Z-axis response with the addition of Nbar

0.8]

0.6

04

02

Figure 12. Results of the Z-axis response with RNN

In Error! Reference source not found., the rise time value is 0.0371, the overshoot is 7.91%, the s
ettling time is 0.118, and the final value is 1. The rise time component and Settling time produce better values,

but greater overshoot
response.

values. This indicates that the system can run faster but results in a greater overshoot

Table 3 Comparison of the system response of each method

Responds LQR LOR RNN
Rise Time 0.112 0.037
Overshoot  4.32%, 7.91%
Settling 0.339 0.118
time

In results shown in Table 3 it is shown that there is an improvement in the Rise time and Settling time
response. However, the table also shows that improving this response causes the overshoot value to become

higher. This is compe

nsation for the faster response value.
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4. CONCLUSION

The results of this research were obtained from the comparison of the method proposed by the researcher
compared with the conventional LQR control method, showing that the proposed method, namely LQR with
RNN, produces a better system response. The result of the LQR rise time response is 0.112 seconds, which is
a much larger value than the LQR RNN response time value of 0.0371. With a better response value, this will
allow the to quickly adjust the system reference value of the system. The rapid improvement of the system
response with the LQR RNN method must be compensated for by a greater system overshoot value. The results
of overshoot in the LQR RNN control showed a value of 7.91%, which is a higher value than the overshoot
value in the LQR control. However, the compensation of these values also results in better settlement time
values in the LQR RNN. The results are shown in Table 3. The results of this research show that the LQR
system with RNN produces a better response and settles time values. Increasing the overshoot value is the
result of a faster response. From the results of this research, it can be concluded that the results of this method
produce better system output for systems that require a faster response.
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