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ABSTRACT Moving target-tracking is an attractive application for quadcopters and a very challenging,
complicated field of research due to the complex dynamics of a quadcopter and the varying speed of the
moving target with time. For this reason, various control algorithms have been developed to track a moving
target using a camera. In this paper, a Fuzzy-PI controller is developed to adjust the parameters of the PI
controller using the position and change of position data as input. The proposed controller is compared
to a gain-scheduled PID controller instead of the typical PID controller. To verify the performance of the
developed system and distinguish which one has better performance, several experiments of a quadcopter
tracking a moving target are conducted under the varying speed of the moving target, indoor and outdoor
and during day and night. The obtained results indicate that the proposed controller works well for tracking
a moving target under different scenarios, especially during night.

INDEX TERMS Target-tracking, Fuzzy-PI, gain-scheduled PID, quadcopter, MATLAB/SIMULINK.

I. INTRODUCTION

Quadcopter is a type of Unmanned Aerial Vehicles (UAV),
which is lifted and propelled by four rotors [1], [2]. The quad-
copter has been increasingly used in education and research
area due to its low cost, and high maneuverability. Further-
more, a quadcopter is capable of handling complex tasks in
cramped and crowded environments, as well as it has a simple
control mechanism compared to the other types of UAVs [3].
Because of this, there has been increasing interest in the quad-
copter applications such as Target-Tracking, object detection
and landing to drone station [4]-[8].

Especially, Target-Tracking is an essential task for quad-
copters, as it has been proven to be an effective tool in search
and rescue surveillance [9], following [10], and providing
aerial based video of sports events. Also, it has become a
relevant field for the correct development of many multidisci-
plinary applications, such as traffic supervision, autonomous
robot navigation, mapping, and aerial photography.

The autonomous Moving Target-Tracking system for
quadcopter can be divided into three processes; 1) Taking
off, 2) detection of the moving target, and 3) tracking the
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moving target. Since the quadcopters are dynamically
unstable, under-actuated, and nonlinear systems, it is very
challenging to design a controller for a quadcopter to track
a moving target especially under the varying speed of the
moving target and under environment effect. This is due to
that any error occurs in any of them can lead to severe damage
to the quadcopter.

Many control algorithms for tracking a moving tar-
get have been developed to deal with these difficulties.
Huang et al. [11] present a tracking scheme based on Global
positioning system (GPS) and CamShift algorithm. Human
detection and tracking method based on image processing on
aRaspberry Pi environemnt is presented in [12]. Pei et al. [13]
developed a trajectory control algorithm based on a Linear
Quadratic Integral (LQI) optimal controller with a feedback
linearization. In [14], a target-tracking control algorithm
based on Fuzzy Logic Controller (FLC) has been developed.
A PD and PID controllers are used to develop a tracking
control algorithm for a quadcopter [15]. An autonomous
control algorithm for a quadcopter based on Fuzzy-PD is
proposed in [16]. A linear quadratic regulator (LQR) control
method and a PD controller have been introduced in [17].
A back-stepping controller and a sliding mode controller
were proposed in [18] to overcome the under-actuated
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problem of a quadcopter. Chen et al. [19] (2018), proposed
a tracking method based on fusing the inertial measurements
from the Inertial Measurements Unit data (IMU), GPS read-
ings, and images captured by the camera. Samir ef al. [20]
(2017), proposed a trajectory tracking control algorithm using
State-Feedback control with integral action. A Fuzzy-PID
controller is designed for quadcopter to follow different tra-
jectories [21]. A target detection algorithm based on a PID
controller and a safe landing algorithm based on a FLC is
proposed in [22]. Wang et al. [23], Wang et I [24], and
Yin et al. [25] developed an adaptive fuzzy tracking con-
troller for nonlinear systems.

Most of the prior studies show good performances and
results. However, they are either using a GPS to detect the
position of the target which provides inaccurate localization
in indoor environments or they are using sensors fusion. Other
researchers focused more on the computer vision part, ignor-
ing the effect of the outside disturbances such as environment
effect. Moreover, running computer vision algorithms in real-
time requires an expensive and higher specification CPUs.
Other authors dedicated only on tracking a moving target
with a constant speed using a PID and FLC controllers.
Although they are working well, the results show slower
response and higher overshot. Some developed techniques
are based on image processing techniques by using an RPi.
Though, the RPi has its drawbacks when it comes to real-time
tracking, especially with UAVs because of its limited mem-
ory. The remaining authors concentrated on the simulation
results without any practical test neglecting the effect of the
environmental disturbances.

The current research focuses on the problems of previ-
ous research works. It focuses on replacing the high spec-
ification and expensive CPUs with a cheaper one. Also,
it focuses on decreasing the number of the used sensors,
so only the IR-Camera output is used as input to the pro-
posed controller. Moreover, since the objects are often dis-
tant, small and their signatures have low contrast against the
background during the night, the traditional object detection
algorithms do not perform very well at night. Therefore,
an IR-Camera is used to detect objects during day and night.
This IR-Camera can detect any object that is equipped with
IR LEDs, which make it simple, cheap and easy to use
to detect a fixed or moving object, especially during the
night.

To overcome the problem of environment effect such as
wind, varying speed of the moving target, and detecting
the target during the night, a novel Moving Target-Tracking
algorithm based on Fuzzy-PI is developed. The proposed
Fuzzy-PI controller has its own rule base which can either
stabilize the quadcopter over a non-moving target or track a
moving target under varying speed. The proposed system is
equipped with an IR-Camera that is connected to an Arduino
DUE for detecting the moving target. Then it calculates the
required Roll and Pitch angles that are responsible for track-
ing the moving target and send the acquired data to the flight
controller.
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The main contributions of this paper lie in the following:
1) Overcome the instability and nonlinearity of the quad-
copter system by using a Fuzzy-PI controller, 2) Be able to
stabilize or track a target during day and night by knowing
the position and position’s change of the detected target, and
finally 3) Implement the proposed algorithm in a cheap MCU.

To verify the system performance, MATLAB/SIMULINK
is used to compare the output of the proposed controller to a
typical PID controller and a Fuzzy Logic Controller (FLC).
Simulations are carried out under different trajectories. After-
ward, a Gain-Scheduled PID controller is used instead of the
typical PID controller, as it has been proven its ability to track
the moving target under varying speed. Several experiments
were conducted under different scenarios are demonstrated.

The practical configuration of the proposed system is dis-
cussed in detail in section 2. Section 3 presents a brief descrip-
tion of the Gain-Scheduled PID controller and the Fuzzy-PI
controller. The proposed moving target-tracking algorithm is
explained in section 4. Section 5 demonstrates the simulation
studies of the proposed system, followed by its experimental
results of the proposed system. Finally, the conclusion is
drawn in section 6.

Il. CONFIGURATION OF THE PROPOSED MOVING
TARGET-TRACKING FOR QUADCOPTER

The proposed moving target-tracking for quadcopter using
an [R-Camera system consists of the following components:
flight controller, Arduino DUE, IR-Camera, ESC module,
RC receiver/transmitter, BLDC motor, a LIDAR sensor, and
a 2D camera gimbal with quadcopter mainframe. A block
diagram of the overall system is shown in Fig.1.

FIGURE 1. Block diagram of the overall system.

A. FLIGHT CONTROLLER

The flight controller is the brain of the quadcopter. It reads
all data coming from the sensors and calculates the best
commands, and finally sends it to the ESC module to control
the speed of each BLDC motors. The flight controller used
in this work is a Pixhawk flight controller. The Pixhawk
flight controller has an ARM Cortex M4 CPU with a clock
frequency of 168 MHz. It is equipped with a 10 DOF-IMU,
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to measure roll, pitch, yaw, and altitude. It also has eight
PWM outputs which can support up to eight BLDC motors.
It also has several connectivity options for additional periph-
erals like UART, I12C, CAN, SPI, and ADC, etc. The main
reason for utilizing the Pixhawk flight controller is because
it can be interfaced easily with the ArduCopter, which is an
open source code that is written in C++ and is free to use.

B. ARDUINO DUE

The Arduino Due is a microcontroller board based on the
ARM Cortex-M3 CPU, with a clock speed of 84 MHz.
Arduino DUE is used because both Roll and Pitch data are
updated inside the flight controller every 10 msec. Therefore,
it’s necessary to use a microcontroller with fast execution
time.

C. IR-CAMERA AND GIMBAL

The camera used in this work is a Pixy camera with a filter and
IR lens installed on it. The Pixy camera is fast, easy to use and
cheap. It supports several interfaces such as SPI, UART, and
I2C. It can detect IR object and gives out x and y coordinates
of the center of the detected object in pixels. This data is
given out every 20 msec. The IR-Camera is connected to the
Arduino DUE through SPI, and it’s attached to a 2D-gimbal,
that is used for allowing the camera to always face the ground
while the quadcopter is hovering around.

IIl. CONTROLLERS DESCRIPTION

Figure 2 shows the block diagram of the proposed controller
for both Gain-Scheduled PID controller and Fuzzy-PI con-
troller. As it is shown in Fig.2, the IR-Camera gives out the
x and y position of the detected object in pixels. This position
(pos) is assumed to be the error e (¢) between the position of
the detected object and the centroid of the image since the
centroid is always zero. After that, change of position (Apos)
is obtained by taking the difference between the current
position and the previous position, while maximum change
of position (Max_Apos) is a fixed value that is obtained by
storing the maximum change of position of the moving target
in pixels. pos and Apos are used as inputs for Fuzzy-PI
controller, and Gain-Scheduled PID controller.

FIGURE 2. Block diagram of the proposed controllers.
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A. GAIN-SCHEDULED PID CONTROLLER
Gain scheduling is one of the most popular approaches to
nonlinear control design, as it has a better performance than
robust ones [26]. Therefore, a Gain-Scheduled PID controller
is used instead of the typical PID controller with fixed gains to
track the target. In Fig.2, the Gain-Scheduled PID controller
has three inputs, pos, Apos, and Max_Apos. Equation (1)
indicates how to calculate the required Roll and Pitch angle
for tracking.
) = (1+' Apos de(t)
Maxapos dt
ey

t
>er O +K; / e(t)ydt+Ky
0

where the error e (t) = pos, y (¢) is the output of the system,
Ky, K; and K, are the proportional, Integral, and derivative
gains. As it is seen in the previous Equation, the proportional
gain of the PID controller can be increased according to the
ratio between Apos, and Max_Apos, so if the target increased
its speed suddenly, the proportional gain will also increase to
be able to track the moving target.

B. FUZZY-PI CONTROLLER

The designed Fuzzy Proportional-Integral (Fuzzy-PI) con-
troller is a hybrid controller, utilizing two sets of PI gains
to achieve a non-linear response [27]. Two inputs are given
to the Fuzzy-PI, pos and Apos. It gives out two outputs,
K¢ and Kir which are determined by a set of fuzzy rules that
are used to adapt the K, and K; gains of the PID controller as
in Equation (2, 3), where G is a gain value that can be used
to for tuning the output of the Fuzzy-PI, P is the sum of the
proportional gain K}, and the K},r gain, and [ is the sum of the
integral gain K; and the Ky gain. The output of the Fuzzy-PI
is described in Equation (4), where e (t) = pos, y (¢) is the
output of the system, and K is a fixed derivative gain.

P = (GxKy)+K, (2)
I = (GxKy)+K; 3)

FIGURE 3. Fuzzy-PI basic structure.
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FIGURE 4. Moving target-tracking algorithm.

FIGURE 5. Conversion of the pixel coordinates of the IR-Camera.

de (1)
dt

Figure 3 depicts the basic structure of the Fuzzy-PI con-
troller.

t
y(r)=<P*e(r)>+<I*/ e (1) d1) + Ky @)
0

IV. AUTONOMOUS MOVING TARGET-TRACKING
ALGORITHM FOR QUADCOPTER
The proposed algorithm can be divided into three parts as
shown in Fig.4:

1) Camera process part.

2) Moving target-tracking part (based on Fuzzy-PI).

3) Data packet processing part.
In the first part, the position of the target given by the
IR-Camera is represented as pixel coordinates (x, y). These
co-ordinates is changed so that the center co-ordinates
are converted from (%‘i’h, %) to (0, 0) as demonstrated
in Fig.5, by using Equation (5, 6).

width

X =x— 5)
height

Y =y— 2g ©)

where X and Y are the new x and y position in pixels,
width and height are the resolution of the IR-Camera. These
new positions are assumed to be the e () for the proposed
controller.

38410

FIGURE 6. Block diagram of the proposed fuzzy logic controller.

A. MOVING TARGET-TRACKING ALGORITHM BASED ON
FUZZY-PI

When the quadcopter detects the moving target, the Target-
Tracking algorithm is activated. In this work, a Fuzzy-PI
controller is utilized. The proposed controller can be thought
as an auto-tune for PID controller, where the gains are con-
tinuously changed according to the value of the two inputs
pos and Apos of the Fuzzy-PI controller.

Generally, the Fuzzy-PI controller is made up of fuzzifi-
cation, rule base, and the de-fuzzification process [28]. The
Fuzzy-PI input, output membership functions, and rule base
are designed in MATLAB/ SIMULINK. Fig.6 illustrates the
block diagram of the proposed Fuzzy-PI controller.

1) FUZZIFICATION

Fuzzy-PI input-output membership functions and rule-base
are designed in MATLAB/SIMULINK using the Simulink
fuzzy toolbox. The Universe of Discourse (UD) of each
fuzzy input and output is carefully selected according to the
desired ranges. The Fuzzy-PI controller has two inputs and
two output. 49 rules are made for each output for optimum
tracking control. Input and output membership functions
are shown in Fig. 7 and Fig.8. The UD of each member-
ship function defines the operation range of that specific
fuzzy linguistic variables. These ranges are adjustable and
act similar to PID gains. These fuzzy linguistic variables
are defined as OUT_POS_NB (OUT range Position Neg-
ative Big), OUT_POS_NM (OUT range Position Negative
Medium), IN_POS_ NS (IN range Position Negative Small),
IN_ZE (IN range Zero), IN_POS_PS (IN range Position
Positive Small), OUT_POS_PM (OUT range Position Pos-
itive Medium), and OUT_POS_PB (OUT range Position
Positive Big) for the corresponding position input for both
X and Y pos as in Fig (7-a & 7-b) Fuzzy linguistic variables
for the second input Apos is defined as NB (Negative Big),
NM (Negative Medium), NS (Negative Small), ZE (Zero),
PS (Positive Small), PM (Positive Medium), and PB (Pos-
itive Big) as shown in Fig. (7-c)Apos input parameters are
the most important parameter in this controller, because it’s
responsible for controlling the tracking speed and angle of
the quadcopter. The fuzzy set ‘ZE’ indicates a fixed position
of the quadcopter. Whereas in Fig. (8-a & 8-b), NB, NM,
NS, ZE, PS, PM, and PB fuzzy linguistic functions are for
tuning the PI gains. Negative Apos like NB, NM, and NS
indicates a big/medium/small change of position in the nega-
tive direction of the detected target. Similarly, positive Apos
like PB, PM, and PS indicates a big/medium/small change
of position in the positive direction of the detected target.
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(b)

(©)

FIGURE 7. (a) Fuzzy input X (pixels), (b) fuzzy input Y (pixels), and
(c) fuzzy input Apos for X and Y (pixels).

Equation (7, 8) explains Apos calculation formula for both
X and Y position.

Xcurrent - Xpre

Apos, = A 7)
Y —-Y,
Aposy — curreth pre (8)

where Apos, ), is the change of position of the quadcopter
in X /Y positions in pixels, X /Y .,,...n: 18 the current position
in X/Y axis in pixels, X/Y, is the previous position in
X /Y axis, and At is the time difference between the current
position and previous position.

Position range is taken from — 160 to 160 pixels for Y, and
—100 to 100 for X, while the Apos ranges from —20 to 20 for
both X and Y. Any values above or below the previous values
will be replaced by the maximum and minimum value in X,
Y, and Apos. The position input of the Fuzzy-PI consists
of two ranges, OUT and IN ranges. The OUT works as a
brake for the quadcopter by decreasing its incoming angle
and push it back to the center of the detected target avoid
losing the target, while the IN ranges is responsible for the
Target-Tracking, and also to stabilize the quadcopter above
the target if it stopped moving. The Output of the Fuzzy-
PI controller for K,y gain ranges from —1 to 5, and for K¢
gain, it ranges from —1 to 1. The “#£” sign indicates the
change in both P and I gains, since Ky and K;s are either
added or subtracted to the fixed K, and K; gains, as in
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(a)

(b
FIGURE 8. (a) Fuzzy output (K,¢) and (b) Fuzzy output (Kjs).

Equation (2, 3). These ranges for each parameter can be
changed in fuzzy logic or gains can be used for more precise
tuning.

2) DESIGNING THE RULE BASE

Designing the rules-base is the most crucial part of the fuzzy
logic controller, as the whole function of this controller
depends on the rule base. Therefore, after several practical
tests and experiments, in addition to experience, the rule base
was designed. Table.1 and Table.2 show the 49 rules designed
to utilize the PI gains that is responsible for tracking the
moving target. This rule base works in two different Modes,
Mode A and Mode B.

Mode A: This mode operates in the OUT region where
the position of the quadcopter and its change of position are
monitored to give the suitable K,r and K responsible for
utilizing the PI gains of the PID controller for tracking the
moving target. This mode can be thought of a brake where
it works in two different ways. First, if the quadcopter is
moving away from the center of the detected target, a positive
P gain and negative I gain is used to brake the quadcopter and
stop it from losing the target and return it back to track the
moving target. Second, if the quadcopter is moving towards
the center of the target with either medium or big Apos,
anegative P gain only is used to decrease the angle and speed
of the quadcopter. Figure 9 demonstrates how the quadcopter
operates in Mode A. Following are examples of the operation
of the quadcopter in Mode A:

o When pos is OUT_POS_NB and Apos is NM, K¢

will be PB, while K;r will be NB. This will increase the value
of the total P gain of the PID controller and decrease the
value if the I gain to quickly brake the quadcopter and stop
it from losing the target and move in the opposite direction
towards the center of the detected target. Similarly, if the pos
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TABLE 1. Fuzzy-PI rule base for P gain.

A
OUT _POS_NB | OUT _POS NM | IN_POS_NS [ IN_ZE | IN_POS_PS | OUT_POS_PM | OUT POS_PB
PB PB PS ZE NB NM NM

PM PM PS
PM PM PS
PS PS NM
NM ZE NM
| PB | NB NM NB

TABLE 2. Fuzzy-Pl rule base for I gain.

Mode A

P
B NB Py
NS

[ NS | NB NM PS
NM NS PS
NS ZE NS
ZE ZE NS
[ PB | ZE ZE NM

is OUT_POS_PM and Apos is PS, the output of the Fuzzy-PI
will be PM for Ky, and NM for Kjr.

o When pos is OUT_POS_NM and Apos is PS, Kr

will be PS, while K;r will be ZE. The reason for this, is
because when quadcopter is moving towards the center of the
detected target with small Apos, it will need more P gain to
push it into the IN region, to keep tracking the center of the
detected target.

o When pos is OUT_POS_PB and Apos is NM, K

will be NM, while Kj will be ZE. This will decrease the P
gain with a medium value which in return will decrease the
angle and speed of the quadcopter moving towards the center
of the detected target.

Mode B: This scenario occurs when the quadcopter
approaches the IN range, where it has to either decrease the
quadcopter angle and speed or try to stop the quadcopter
from reaching the OUT region. This mode is responsible for
tracking and stabilizing the quadcopter above the center of the
detected target. Figure 9 shows how the quadcopter operates
in Mode B, followed by some examples of the operation of
the quadcopter in Mode B.

o When pos is IN_POS_NS and Apos is NB, K¢
will be PS, while K will be PB. This will slightly increase
the P gain of the PID controller and also increase the I gain to

stop the quadcopter from reaching the OUT region and return
it back towards the center of the detected target.
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ZE NM PS PS

ZE PS PM PM

ZE PS PM PM

ZE PS PB PB

ZE PS PB PB
Mode B Mode A

OUT_POS_NB | OUT_POS_NM | IN_POS_NS | IN_ZE | IN_POS_PS | OUT_POS_PM | OUT_POS_PB

PM N ZE ZE
PS NS ZE NS
ZE PS NS NM
PS PS NM NB
PM PM NB NB
PM PB NB NB

o When pos is IN_ZE and Apos is NB, K,y will be ZE,
while K will be PM. In this situation, the quadcopter will try
to stabilize above the center of the detected target by using the
total value of / gain and the fixed K}, gain.

o When pos is IN_POS_PS and Apos is NB, K),r will
be NB, while K will be NM. This gains are used to
rapidly decrease the quadcopter angle and speed, so it won’t
pass the IN_ZE position and try to stabilize the quad-
copter and continue tracking the center of the detected
target.

3) DEFUZZIFICATION

When the quadcopter is tracking the moving target, the cor-
responding rules are used to generate the K,r and Kjs that
are used to adjust the PI gains of the PID controller. There
are many defuzzification methods for this. In the current
study, the Center of Gravity (CoG) method [23] is utilized.
Ky and K values calculated from the CoG method are
added or subtracted to K, and K; as in Equation (2-4). Finally,
the output of the Fuzzy-PI controller is given to the flight
controller as shown in Fig.6.

B. DATA PACKET PROCESSING PART

Once the Fuzzy-PI controller gives out the K,r and K;r gains
responsible for adjusting the P and I gains discussed in
Equation (2, 3), PID controller calculates the required roll
and pitch angle responsible for tracking the moving target.
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FIGURE 9. Operating regions of the proposed Fuzzy-Pl controller.

(a) (b)

FIGURE 10. (a) Flowchart of proposed moving-target tracking algorithm
and (b) flowchart of the received data processing inside of the flight
controller.

The calculated roll and pitch angle are sent as a packet to
the flight controller through UART communication in addi-
tion to a Flag value. This data is sent every 22 msec to
the flight controller. Once the flight controller receives the
data, it will check for the Flag if it’s either 1 or 0. If the
Flag is equal to 1, it will send commands to the quad-
copter that the Moving Target-Tracking algorithm is ready
to operate. Furthermore, an emergency switch on the RC
transmitter is provided to support the safe operation of the
quadcopter. For this, both Flag and the safety switch should
be triggered to start tracking the moving target. Figure (10-a)
depicts the flowchart of the Moving Target-Tracking algo-
rithm inside the Arduino Due, while Fig. (10-b) shows the
flowchart of the received data processing inside of the flight
controller.
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V. SIMULATION AND EXPERIMENTAL STUDIES

A. SIMULATION STUDIES

MATLAB/SIMULINK is used to test the proposed system by
comparing the performance of the PID controller, FLC and
the Fuzzy-PI controller under two different trajectories. The
used quadcopter simulation system is available on MATLAB
file exchange, and it’s free to use. The used FLC rule base
and membership function can be found in [21]. Figure (11-a)
illustrates the simulation system of the quadcopter. In this
system, the position control block is responsible for taking
the trajectory data (x, y, ¢) from the user, where x, y represent
the coordinates points in a Cartesian coordinate system and ¢
is the time. The position control block gives out the required
angle responsible for controlling the quadcopter over the
defined trajectory. Figure (11-b) shows the position control
block, where X/Y error e(t) block is responsible for calcu-
lating the position error between the current position in the
desired trajectory and the current position of the quadcopter,
and outputs X error and Y error. The Control blocks uses
the resulted X error and Y error to calculate the desired
Roll/Pitch angles required for tracking based on the outputs
of the two controllers. Figure (11-c) depicts the controllers
used in the Control blocks to control the trajectory-tracking
of the quadcopter with a manual switch block is to switch
between the three controllers. A limit switch is used to
limit the output angle between —15 degree and 15 degree.
Figure (11-d) demonstrates the implementation of the Fuzzy-
PI controller based on Equations (2-4). Figure 12 and Fig.13
shows the two trajectories defined by the user for the com-
parison between the PID, FLC and the Fuzzy-PI controllers.
In Figures (12-a & 12-b), Fuzzy-PI shows the best response
in x and y-direction while PID controller and FLC have over-
shot. Figure (12-c) displays the output of the three controllers
in the XY plane. As it is seen in the figure, the Fuzzy-PI has
the best response among the three controllers. On the other
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hand, the FLC has overshot while PID controller has bigger
overshot and oscillation. Figures (13-a & 13-b) show that
Fuzzy-PI and FLC have close results. With a small oscillation
in the FLC and poor stability in the PID controller where
it takes more time to settle. Figure (13-c) indicates that the
Fuzzy-PI has a slightly better response than FLC.

(@)

(b)

PID(s) [

o
PID Manual
/><><\ Switch

. Y@}— du/dt Limit angle Roll|Pitch_cmd
|Y error Derivative FLC
error angle—————»~
Manual
Fuzzy-Pl Switch1
©
(d

FIGURE 11. (a) Quadcopter simulation system, (b) position control block,
(c) trajectory-tracking control system, and (d) fuzzy-PI controller
implementation.
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(a)

(b)

(©)

FIGURE 12. Simulation results of the three controllers in a rectangular
trajectory in (a) X position, (b) Y position, and (c) XY plane.

B. EXPERIMENTAL STUDIES

To verify the performance of the proposed Moving Target-
Tracking algorithm, several experiments were performed
indoor and outdoor. The experimental system is composed
of a quadcopter frame with flight controller and Arduino
DUE which executes the Moving Target-Tracking algorithm.
A Pixy camera with IR lens installed on it, attached to a 2D
gimbal is connected to the Arduino DUE. The Pixy camera
gives out the position of the center of the detected target in
pixels. A Bluetooth connected to the Arduino DUE is used
to send the position of the detected target in pixels every
20 msec. Figure (14-a) depicts the quadcopter experimental
setup, while Fig. (14-b) shows the experimental target. The
Fuzzy-PI controller design is a time-consuming process when
it comes to real-time calculation. It is possible to implement
Fuzzy-PI controller on most high-end MCUs, but the problem
occurs when a fast response is needed from the controller
similar to the quadcopter tracking scenario. To overcome
this problem, a look-up table based on Fuzzy-PI controller
is designed to make the tracking process faster and efficient.

1) DESIGNING THE LOOK-UP TABLE
A Simulink based fuzzy logic system is designed to generate
output data from the Fuzzy-PI controller. Figure 15 shows
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FIGURE 13. Simulation results of the three controllers in a triangular
trajectory in (a) X position, (b) Y position, and (c) XY plane.

the Simulink based fuzzy logic system with virtual inputs.
These inputs are selected according to all expected variations.
Due to the X and Y positions have different input ranges, two
Fuzzy-PI controllers have been executed as given in Fig.15.
Variable positions are designed to be ranged from —160 to
160 for the Y axis with 8 pixels difference, and from —100 to
100 for the X axis with 5 pixels difference with a change
of position value ranges from —20 to 20 with a 2-pixel
difference. The position and change of positions values are
generated using MATLAB; then it’s used in the SIMULINK
to output the required Ky and Kjr.

The simulation program is executed for the generated posi-
tions inputs at each change of position point. The output of
the Fuzzy-PI controller is recorded. For example, position
input of quadcopter in the Y-axis is 160 pixels and change
of position is provided from —20 to 20 pixels with the step
size of 2 pixels, corresponding output K,r and Kj values
are recorded. The same process is repeated for each position
point from —160 to 160 pixels in Y with 8 pixels difference,
and for —100 to 100 pixels in X with 5 pixels difference.
Therefore, four look-up tables has been created with 40 dif-
ferent positions values aligned in rows with 20 different
change of positions as columns which made a look-up table of
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FIGURE 14. (a) Quadcopter experimental setup and (b) experimental
target.

FIGURE 15. Simulink block for generation of lookup table.

800 values for each output. This look-up table is written
inside the Arduino DUE. The Moving Target-Tracking con-
troller measures the real-time position and change of position
using the IR-camera, and then round off the data to exactly
match the look-up table inputs. The rounded values are then
used as input for the look-up table, which generates the corre-
sponding K,y and K; outputs for these specific inputs. These
outputs data can be multiplied by a gain value for further
tuning. Then by applying Equations (2-4), the required roll
and pitch angle for tracking is calculated. Finally, this data is
further sent to flight controller via UART communication to
update the attitude commands for tracking. These instructions
are updated every 25 msec in the flight controller.

2) EXPERIMENTAL RESULTS
To verify the feasibility of the proposed Moving Target-
Tracking algorithm, several experiments were performed
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indoor and outdoor with varying speed. Initially, the quad-
copter is hovering at a fixed altitude of 2.5 meters. Once the
target is detected, the IR-Camera will send the position of the
detected target in pixels to the Arduino DUE every 20 msec.
The received data is used as input to the Fuzzy-PI controller
to calculate the required angle for tracking the moving target.
This process is executed every 22 msec inside the Arduino
DUE.

For calculating the absolute position of the quadcopter
in meters, a GPS can be used. However, since the GPS
provides inaccurate localization in indoor environments.
A vision-based algorithm is used to obtain the absolute
position between the detected target and the drone. The
algorithm uses the pinhole camera model and the captured
images to build a metric map. The coordinate of a point in
3D (X, Y, Z) can be computed from its projection pixel in the
2D (x, y) image and the projection matrix. Firstly, a reference
object is used to measure the pixels per metric ratio. In the
algorithm, a MarkOne beacon with a known width and height
is used as a reference object. An image of the reference object
is captured from a defined height of 2.5 meters using the IR
Camera equipped on the drone. Then, the reference object
is detected in the image, either based on the placement of
the object or via appearances, such as its color or shape.
In our case, a distinctive color is used to locate the object
in the image and a contour technique is used to define the
boundaries of the object, as shown in Fig.16. Thus, the width
and height of the reference object in pixels are obtained. The
pixels per metric can be calculated as follow:

h

p=— ©)
w

where p denotes the pixels per metric ratio, 7 and w are
the reference object width in pixels and metric, respectively.
The distance between the drone and the detected target is
computed as shown in Equation (10, 11):

. Al xx + Bl

X= 5 5 (10)
(C (x —100)* + D (y — 160)~ — 1)

N A2 xy+ B2

y= (1D

(C (x = 100)> + D (y — 160)% — 1)

(a) (b)

FIGURE 16. (a) Raw image captured using the IR-Camera and (b) the
output of the applied Contour technique used on the captured imaged.
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TABLE 3. Identified parameters values.

Identified Value

parameters
Al -0.00294
B1 0.47020
A2 -0.00305
B2 0.30568
C 4.4301e-6
D 4.7933e-6

Where X and y are the distance in meter, x and y are the
distance in pixels. As shown in the previous equations, each
equation has four unknowns, and therefore four known points
are used to generate four equations for each axis to identifies
these unknowns. Table. 3 shows the identified parameters
that are obtained using regular simultaneous equation solving
methods, such as substitution and elimination.

(a)

(b)

(©

FIGURE 17. Experimental results of the two controllers in a rectangular
trajectory indoor in (a) X position, (b) Y position, and (c) XY plane.

The experimental target is moving in two trajectories,
arectangular trajectory, and a triangular trajectory. The trials
were executed indoor and outdoor. Figures (17-20) shows
the results of the performed trials. Figure 17 compares
between the Gain-Scheduled PID controller and the Fuzzy-PI
controller under variable target speed indoor in a rectangular
trajectory. Figure (17-a) shows that both controllers have
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FIGURE 18. Experimental results of the two controllers in a rectangular
trajectory outdoor in (a) X position, (b) Y position, and (c) XY plane.

close results in the X position. However, in Fig. (17-b),
Fuzzy-PI shows a better response than the other controller
in the Y position. Figure (17-c) shows the behavior of the
quadcopter in the XY plane under varying speed. As shown
in this figure, Fuzzy-PI has better response and faster settling
time than Gain-Scheduled PID controller.

Figure 18 evaluates the performance of the Gain-
Scheduled PID controller and the Fuzzy-PI controller under
different target speed outdoor in a rectangular trajectory.
Figure (18-a) shows that both controllers have close results
in X position, while in Fig. (18-b), Gain-Scheduled PID con-
troller depicts feeble response and stability in the Y position.
Figure (18-c) illustrates the performance of the quadcopter in
the XY plane under varying speed. As it is easily seen in the
Figure, the Gain-Scheduled PID has poor performance, poor
stability and failed to reach the center of the detected target.

Figure 19 shows comparison results between the two con-
trollers under varying target speed indoor in a triangular tra-
jectory. Figure (19-a & 19-b) shows that both controllers have
close results in X and Y positions. However, Figure (19-c)
indicates that the Fuzzy-PI controller has better response
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FIGURE 19. Experimental results of the two controllers in a triangular
trajectory indoor in (a) X position, (b) Y position, and (c) XY plane.

and faster settling time compared to the Gain-Scheduled PID
controller in the XY plane under varying speed.

Figure 20 evaluates the performance of the Gain-
Scheduled PID controller and the Fuzzy-PI controller under
variable target speed outdoor in a triangular trajectory. Fig-
ure (20-a & 20-b) shows that the Gain-Scheduled PID con-
troller has poor stability and longer settling time than the
Fuzzy-PI controller in X and Y positions. Figure (20-c)
demonstrates that under variable speed, Fuzzy-PI has better
response and faster settling time than the Gain-Scheduled PID
controller.

According to the previous evalutioan of the experimental
results, the Fuzzy-PI controller has proven that it has better
response, and shorter settling time compared to the Gain-
Scheduled PID controller. Although the Gain-Scheduled PID
controller is working well compared to the typical PID con-
troller, since the proportional gain is continuously changed
according to the position and change of position of the
detected target, the output of the Gain-Scheduled PID is either
increasing or decreasing linearly, which is the reason of the
slow response of this controller. In contrast, the Fuzzy-PI
controller has proved it has better control because according
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(a)

(b)

©

FIGURE 20. Experimental results of the two controllers in a triangular
trajectory outdoor in (a) X position, (b) Y position, and (c) XY plane.

to the position and change of position values, we can control
how much we need to increase or decrease the output of the
Fuzzy-PI controller. Thus, it can rapidly minimize the error
between the position and the center of the detected target as
much as possible, where it gives us more accurate output to
adjust the final P and I gain of the PID controller. As a result,
the Fuzzy-PI can be thought of an auto-tuning method for PID
controller.

VI. CONCLUSION

In this paper, a Moving Target-Tracking algorithm has been
proposed. Target-Tracking algorithm based on Fuzzy-PI con-
troller is developed to track a moving target under varying
speed and during day and night. Furthermore, the relatively
cheap embedded controller was used for real-time applica-
tions such as target tracking. The proposed algorithm can
be used in many applications such as traffic supervision,
autonomous robot navigation, and landing to a moving tar-
get. Several experiments are performed indoor and outdoor.
The obtained results show that the proposed system works
well indoor and outdoor for tracking the moving target.
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Furthermore, this system is currently being improved to land
on a moving target such as a car and also an unstable target
such as a ship during the night. Moreover, it can be further
improved by using a deep learning algorithm such as CNN
(Convolutional Neural Network) and train it to detect a target
during day and night then apply the proposed algorithm for
tracking and landing.
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