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Abstract

The need for unmanned vehicles is increasingly needed in certain conditions, such as distribution
of disaster supply, distribution of medicines, distribution of vaccines in the affected areas in
pandemic situations. The various types of goods to be distributed require a different fulcrum. This
research implemented PID control for the quadcopter balance control system to achieve stability
during hovering. PID control is used to achieve a certain setpoint to produce the required PWM
output for the propeller to reach a speed that can fly the quadcopter tilted until it reaches a steady-
state. Tests were carried out on the roll and pitch motion of the quadcopter by providing a load.
The results show that PID control can be implemented for the quadcopter balance control system
during hovering by determining the PID constants for each roll and pitch motion with Kp = 0.15,
Kd = 0.108, and Ki = 0.05. The quadcopter takes 3 — 6 seconds to return to the 0-degree setpoint
when it is loaded.
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1. Introduction

This aerial explorer robot is often referred to as an Unmanned Aerial Vehicle (UAV). One type of
UAV that is widely used is the quadcopter. Quadcopter has many potential uses that can be
developed, one of which is the transportation of goods. The need for unmanned vehicles is
increasingly needed in certain conditions, such as distribution of disaster supply, distribution of
medicines, distribution of vaccines in the affected areas in pandemic situations. The various types
of goods to be distributed require a different fulcrum. For the transportation of goods, the mass
and the fulcrum of the load affect the rotational speed of the propeller motor, which affects the
quadcopter's stability. The modeling and practical control design of a UAV based on a quadcopter
have been conducted in several studies. The PID controllers were set for angular position stability
(roll and pitch) and yaw speed [1]. In the field of surveillance and remote package delivering
systems also developed using microcontrollers that are programmed to turn on the quadrotors
using electronic speed controllers and power electronics design considerations[2][3]. Modeling
and simulation of multi-rotors using Spatial Operator Algebra are useful for a minimal range of
angles[4]. Quadcopter flight stability is achieved when all propellers generate equal thrust in hover
and throttle mode [5]. A workbench prototype testing on a breadboard is important to get initial
setups for testing results[6][7].

Research [8] shows the implementation of UAVSs in the agriculture field to spray herbicides. Thus,
the stability of a quadcopter flight control for the intended load and various conditions is crucial.
The quadcopter model must have parameters on various relationships, including propeller thrust
torque, thrust-PWM, and thrust-angular speed to a certain level of accuracy [9][10]. Various
control algorithms have been developed to stabilize the quadcopter over a certain trajectory since
it is hard to follow a particular trajectory. In paper [11], a fuzzy-PID controller is designed using
MatLab. Low-level controller using robust control techniques also simulated in[12]. The dynamic
model of the drones, the control method of the quadcopter unmanned aerial vehicle with four
brushless DC motor speed control, is given in[13].
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Furthermore, since the quadcopter will carry loads, a mathematical model of the dynamics of
motion of a quadcopter is needed taking into account the important effect of the lifting rotors
rotation speed change 14]. Our previous research [15] shows stability response in the quadcopter
limited to the condition of the quadcopter hovering for pitch and roll angles. We also get the initial
setup for the maximum load for different fulcrums; 9509 for the fulcrum in the middle of the
quadcopter, 580g for the load is placed 6 cm from the middle of the quadcopter, and 310g if the
load is placed on one motor. So that in this research, a quadcopter was designed that is capable
of carrying loads that have different variations in fulcrum and self-stabilizing automatically. PID
control is used to achieve a certain setpoint to produce the required PWM output for the propeller
to reach a speed that can fly the quadcopter tilted until it reaches a steady-state. Tests were
carried out on the roll and pitch motion of the quadcopter by providing a load. This study aims to
produce a quadcopter design that can fly stably and be balanced when the load is implemented
at different fulcrum points.

2. Research Methods

Our research is based on an experimental project. It consists of a data reading process and PID
control processing based on variations in load fulcrum. The system read the Quadcopter
orientation sensor data after being loaded at a predetermined point using the MPU-9250
orientation sensor on the Ardupilot. Then, PID control processing is based on a set point. The PID
control processes the data sent from the sensor. The output is a PWM signal used to control the
motor to achieve predetermined quadcopter balance points.

2.1. Quadcopter Mathematical Model

In three-dimensional space, the quadcopter has two coordinate systems Figure 1) : (1). body
frame; coordinates that move together with the quadcopter, and (2) inertial frames; quadcopter's
coordinates reference points. The inertial frame or setpoints work as reference balance for the
quadcopter.

yaw (psi)

5

Motor 4 Motor 3

pitch (theta)

Motor 2 z
D) ‘
X
roll (phi)
Y
body frame

inertial frame

Motor 1

Figure 1. Quadcopter Body frame and Inertial Frame

Rotational matrix mathematical models are used to change the quadcopter's movements to
match the inertial value of the frame (equation 1).

c(®c(w) c®s(w) -s(8)
Covi= | (-c@)sW)+s(@)s®@)c(w))  (c(d)cW)+s(®)s(@)s(w))  s(h)c(6) ()
(s@)sw)+c(®)s®)cw)) (-s@d)c(W+c(@)s@)s(w)) c($)c(®)
Where, Cy,; is the conversion of the body frame value to the inertial frame, ¢(phi), 6(theta), Yr(psi)
is a rotational angle formed by the quadcopter when flying against x, y, z axes.
The inertia matrix describes the moment of inertia contained in the quadcopter on each axis.
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Where JPis quadcopter inertia in body frame, JxxJyyJzz IS the quadcopter moment of inertia to each
axis.

Motor lift or thrust determines the ability of a quadcopter to fly, calculated by:

T = CrpA,r’w? 3)

Where T is the thrust of the motor, Cy is the coefficient of thrust in each motor. p is the mass
density, A, is the propeller rotation area, r is the radius of the rotor, and w? is the angular velocity
of the rotor.

The body frame also accepts a lift from the rotor. The lift will only affect the Z-axis, so the formula
for lift is:
0

FRr = 0 @
cr(®? + % + @3 + ©5)
The equation for finding a motor RPM is useful for converting PID control output with the following
formula:

RPM = (Throttle%)cg + b %)
Where cg is Motor RPM constant per input voltage, and b is resistance on the y-axis.

2.2. The design of a quadcopter speed control system

The speed control system model is built in the Simulink module of MATLAB. Using the
mathematical model described previously, the variables of each pitch angle, roll, and yaw
quadcopter can be determined. Furthermore, we design a quadcopter speed control system
divided into several function blocks, as shown in Figure 2.

OPEN GUI: Build New | | OPEN GUIL Create Initial I
Model Conditions

Phi Correction mel

Attittude Cmd

Theta Comrection me2

Aftitude Commands Model Not Loaded
Psi Correction me3
LOAD:
Quadcopter
Model Or
Initial Altitude Correction me4/
Conditions
Attitude Controller  Quadcopter Control Mixing Quadcopter Dynamics
SAVE:
Simulation
Results
| OPEN PLOT: State Data | ‘ OPEN GUI: Flight Animation |

Figure 2. Block diagram of a Quadcopter control system simulation
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In the Attitude Commands block, the data set point for each roll, pitch, yaw, and quadcopter height
can be determined as an input of the desired quadcopter condition, then in the Attitude Controller
block a PID control data processing for each roll, pitch, yaw and the height of the quadcopter can
be seen in Figure 3.

(D
Attitude
Cnd Attitude Command
- Phi State &P ghl _ ) _
The PState Kd OTECHOm| Roll (Phi) Correction
- Roll (Phi) Control
Attitude Command
Theta State%}’ Theta ] —~ _
':) The> QsState Kd Correction|  Picth (Theta) Correction
State Input | <@ Biich (Theta) Control

Figure 3. Attitude Control Process Diagram of each motion and height of the quadcopter

As seen in Figure 3, each roll and pitch motion uses two input feedback: the angular acceleration
and the Euler kinematic angle. By implementing the PID control, the correction in each motion
and the quadcopter's height can be calculated to reach the given setpoint. The output of PID is in
the form of power or throttle for each motor that affects the motion of roll, pitch, and quadcopter
height.

Then the correction of each motion is processed in the quadcopter control block, the throttle for
each motor can be determined. Finally, in the quadcopter dynamic block, the throttle of each
motor is converted to RPM by using equation 5, and quadcopter attribute data can be determined
in the simulation by implementing equations 1-4.

3. Result and Discussion

3.1. Test Design

The PID constant value that has been obtained is implemented on the designed quadcopter. The
guadcopter is turned on and flown in a hover condition, without any load. The expected outcome
of this test is that the quadcopter can reach and stabilize at setpoints of 0 degrees after applying
load at the time of hover.

The following test scenario for this test item :
a. Load: Weights 700 g, 500 g, and 200 g are given to the quadcopter with a fulcrum
variation in the middle point between 2 arms and placed on one quadcopter arm.
b. Evaluation: The quadcopter's performance is compared to the simulation to get the
percentage of errors to be analyzed.

quadcopter _’.q

Beban

Stand quadcopter

Figure 4. Load Test lllustration
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3.2. Hardware Implementation

In this section, hardware testing determines that the designed system works and produces output
that matches the purpose. From this test, the obtained data will be used to analyze the work
process of each hardware so that we can proceed to the test environment set up. The assembled
quadcopter can be seen in Figure 5.

Figure 5. Quadcopter Top and Front View

3.3. Quadcopter model simulation

The PID control data can be tested and determined using a quadcopter simulation on Matlab with
this configuration. The first step in this test is inputting hardware data previously measured to be
a model in the simulation, as shown in Figure 4.5.
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H 428825 cm Ct 24707e07  N/RPM*2 Cr 78218 RPM/% Time Constant 0076 s
Arms. Cq 2554008  N'm/RPM2 b 11167  RPM Min Throttle ° 9%
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{ T Jx 0.0080267 kg'm"2 Save as "+"
: - [ Calculate | [ Clear Al :
L 197 cm Jy 0.0080287 kg'm*2 Save as X"
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da 55 cm Jz 0015796 kg'm*2 Load Model

Figure 6. Quadcopter model simulation

From the results of the measurement of technical specification using the hardware data, we get
the moment of inertia for each component and the total moment of inertia quadcopter as in Table
1[15]:
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Table 1. Moment of Inertia of Quadcopter [15]

p-ISSN 2088-1541
e-ISSN 2541-5832

Jx Jy Jz Unit
Motor 0.005009 0.005009 0.009899  Kg.m?
ESC 0.000661 0.000661 0.001322  Kg.m?
Arm 0.002413 0.002413 0.00362 Kg.m?
Middle Frame 0.000429 0.000429 0.000738  Kg.m?
Total Moment of Inertia 0.008513 0.008513 0.015579 Kg.m2

After the model is obtained, hover conditions with slope disturbance and roll motion is simulated
in Figure 7.
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w3  313%  mm
R 0 degs Psi 0 ceg
w4
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(1] 0 ma X SavelC's
Vio |ms Y LoadIC's
Wi o 2 NOTE: This diagram illustrates an “X” configuration,
e ! < 2
Clear All which places the x-axis between Motors 1 & 2.

Figure 7. Hover condition simulation with 20-degree disturbance in roll motion

The next step is an experiment to determine the constant value of the PID control for each
Eulerian motion, where at this stage, the PID test is only performed at a roll angle as follows first.
a. Stable Oscillating Roll (Figure 8.a): At this stage, Ky = 0.25 and P, = 5.8 seconds
using Ziegler-Nicholas theory for PID control, where K, = 0.15, K; = 0.051, and
Kq = 0.108.
b. Stable Oscillating Pitch (Figure 8.b): Furthermore, the Pitch motion obtained K,
= 0.25 and obtained P, = 5.8 seconds using Ziegler-Nicholas theory for PID
control, where K, = 0.15, Kj= 0.051, and Ky= 0.108.

5001
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20 0 5

Figure 8. Stable Oscillating Pitch and Roll

Simulation experiments were conducted to determine the PID constant for each roll and pitch
motion. These experiments go through the same stage by increasing the Kp constant value until
a stable overshoot is shown in Figure 9 10. Thus, K, gain value and the P, oscillation period value
can be determined to get the values of Kp, Ki, and Kd using the Ziggler-Nicholas approach. The
PID constant obtained for each roll and pitch motion is implemented in the testing process.

168

20



LONTAR KOMPUTER VOL. 12, NO. 3 DECEMBER 2021 p-ISSN 2088-1541
DOI : 10.24843/LKJITI.2021.v12.i03.p04 e-ISSN 2541-5832
Accredited Sinta 2 by RISTEKDIKTI Decree No. 30/E/KPT/2018

Phi
T T

Angle (deg)

Y Y
16 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 13 135 14 145 15 1565 16 165 17 175 18 185 19 195 2(
Time (s)

Figure 9. Roll Quadcopter Simulation with PID

Theta

Figure 10. Pitch Quadcopter Simulation with PID

3.4. Quadcopter Testing

At this stage, the PID test is performed on the designed quadcopter (Figure 11). The response
time of the quadcopter PID control is collected, where the data collection of each roll and pitch
motion starts from the time of disturbance or error in the quadcopter. Data were analyzed in
several parts, namely roll, pitch, and motor PWM, based on response time, as shown in Figures
12 and 13.
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Figure 11. Pitch Quadcopter Simulation with PID

By using collected data, calculation of the response time control on the quadcopter was designed
as follows (Figure 12):

Based on the calculation of the percent overshoot obtained a value of 20.20%, which means the
guadcopter rotates at a pitch motion of 20.20% to achieve a steady-state from the overshoot state.
The pitch motion is not given interference, but because of the large output in the roll motion, the
disturbance in the pitch motion is a side effect of such an output; thus, resulting in disturbance as
small as 5 degrees, can be seen in Figure 12. b.

Degree (°)
"
=

112.33

—— setpoin roll = setpoin == pitch

a. Roll Motion b. Pitch Motion
Figure 12. Roll and Pitch Motion with PID on Quadcopter

The reference value of T, roll is 2 degrees so that the T, roll time is 0.99 seconds, which means
that the quadcopter takes 0.99 seconds to reach 90% of the interval to the setpoint on the roll
motion. The Ts roll time is approximately 4.28 seconds, with a Ts reference value of -0.4 degrees
from the setpoint. The quadcopter takes 1.4 seconds to reach the peak overshoot value of -12.8
degrees. A value of 23.85% is obtained based on overshoot calculation, which means the
quadcopter rotates at a roll motion of 23.85% to reach a steady state. The percent overshoot
value occurs because the peak overshoot is much higher than the steady-state value due to the
PID control response against temporary disturbances.

Based on the picture, the reference value of T, pitch is -0.5 degrees, so that the T, pitch time is
0.7 seconds, which means that the quadcopter takes 0.7 seconds to reach 90% of the interval to
the setpoint in pitch motion. Then, the reference value of Ts pitch is approximately 0.1 degrees
from the setpoint, and the Ts pitch time is approximately 5.3 seconds. It takes 5.3 seconds to
reach a steady state. The reference value of Tp pitch is 2.12 degrees, where this reference value
is obtained from the peak value at overshoot, peak time (T,) is 1.4 seconds, the quadcopter
rotates at a pitch motion of 2020% to achieve a steady-state from the overshoot state. The pitch
motion is not disturbed, but because of the large output in the roll motion, there is a disturbance
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in the pitch motion as a side effect of such a large output, but the resulting disturbance is 5
degrees.

PWM Motor
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Figure 13. Quadcopter Motor PWM Output With PID

The value of each motion still oscillates in the steady-state range because the quadcopter detects
an error on the quadcopter's z-axis. It can be proven based on the motor output shown in Fig.
Figure 13, where it can be analyzed that motors 4 and 3 have a higher value than the input PWM
setpoint or a steady-state error occurs. Based on the quadcopter configuration that has been
designed, if motors 4 and 3 have a higher output than motors 1 and 2, the quadcopter will rotate
to the right.

3.5. Testing and Analysis of Control Response Times Against Variation of Pivot Points

In the quadcopter (Figure 14), loads are given to the quadcopter with a fulcrum variation in the
middle point (700g), between 2 arms (500g), and on one quadcopter arm (200g). The data
obtained from the time response analysis for each motor and the response time analysis in this
test are divided into 2, namely the transient and steady-state responses.

Figure 14. Quadcopter with Load Variation
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Figure 15. Quadcopter Motor PWM Output With PID

The addition of load to the midpoint of the quadcopter (Figure 15.a) does not affect roll and pitch
motion, Thus, affecting the speed and resulting in a steady-state error for all motors. The
quadcopter requires 17.47 percent more power on motor 1, 21.19% more power on motor 2, 29.2
percent more on motor 3, and 27.89 percent more power on motor 4 to remain to hover with a
7009 load at the midpoint of the quadcopter compared to hovering no burden.

Figure 15.b shows the results of quadcopter testing when given a 200g load on motor 1. The
response time on motor 1 is slower because the PID control detects a more significant disturbance
in motor 1 pair, namely motor 2, so motor 1 must be slower than motor 2 to balance quickly. The
additional load on the two quadcopter motors affects the roll and pitch motion of 25 degrees and
26.5 degrees. The load also affects the speed of the quadcopter, where the motor experiences a
steady-state error. The quadcopter requires 3.86 percent more power on motor 1. 9.8 percent
more on motor 2., 4.83 percent more on motor 3, and 4.02 percent more on motor 4 to remain
able to hover with a 200g load on motor 2 compared to the hover state without load, the most
significant error value occurs in motor 2 where the load is stacked, the closer the motor is to the
fulcrum, the greater the error.

Furthermore, for testing with 500g Load on Motor 2 and 4, Figure 15.c. Quadcopter takes 1.8
seconds for motor 1, 1.8 seconds for motor 2, 1.2 seconds for motor 3, and 0.8 seconds for motor
4 to reach 90% of the interval to steady-state. The response time on motors 1 and 3 is slower
because the PID control detects a more significant disturbance in its partner, motors 2 and 4, to
balance itself quickly. The overshoot value is 0.65% on motor 1, 0.93% on motor 2, 0.09% on
motor 3, and 1.54% on motor 4, where this percentage value means the power required for each
quadcopter motor to reach a steady-state from the overshoot state. Loads that are only focused
on their respective partners so that the motor slows down to balance itself. The additional load on
the 2 and 4 quadcopter motors affects the roll and pitch motion of 25 degrees and 26.5 degrees.
The quadcopter requires 1.79 percent more power on motor 1, 9.8 percent more power on motor
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2, 2.4 percent more on motor 3, and 5.03 percent more power on motor 4 to remain to hover with
a 500-gram load between the motors 2 and 4 compared to with no-load hovering state.

Overall test results show in Table 2.

Table 2. Test Results for Variation of the Load Support Point

Load And Tr (s) Ts (s) Tp (s) OS (%) Steady State (s)
No e
Position roll  pitch roll pitch roll  pitch roll pitch M1 M2 M3 M4
1 [00gatthe . 46 56 382 16 1.3 2066 037 2093 2093 2093 209
midpoint 3
2 200 g at M2 2 2.07 45 4.7 3.3 3.5 3.51 53 4.6 11.3 5.3 5.3
3 500 g at M2 1.2 1.1 5.74 6.1 3.3 3.4 0.89 0.35 1.93 8.5 2.2 5.93
and M4

4. Conclusion

Based on the research and testing, it can be concluded that PID control can be implemented for
the quadcopter balance control system during hovering by determining the PID constants for each
roll and pitch motion with the constant of Kp = 0.15, Kd = 0.108, and Ki = 0.05. The quadcopter
takes 3 — 6 seconds to return to the O-degree setpoint when loaded with various loads and
positions. The more significant the tilt error in the quadcopter, the longer it takes to return to the
0-degree setpoint.

In further research, it is necessary to add a system that can automatically detect the load's position
so that the quadcopter balanced system can reach the balance point more quickly during
hovering.
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