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Abstract: The intention of this research is to provide tuning for the coefficients of the switching sliding manifold for
the second-order sliding mode employing Particle Swarm Optimization. This research was carried out in noisy
conditions with a homemade prototype apparatus employing cheap componentry. A Teensy development board was
used as flight controller for a quadcopter, with the second-order sliding mode controller being used for attitude
stabilization. Other research has offered confirmation for the control law in both theory and simulation where they
identify the nonlinear coefficients based on Hurwitz stability analysis and linearization around equilibrium point. But
in this research, we shall be focusing upon identification of the coefficients for the switching siding manifold of the
second-order siding employing Particle Swarm Optimization, the obtained coefficient validated both practically and
experimentally; this has never previously been undertaken. New data samples will also be provided regarding the short
time execution for the physical system; this data will prove useful for future applications using artificial intelligence.
The outcomes of the research demonstrate that the proposed tuning method for second order sliding mode controller

confirm its robustness and effectiveness both in simulation and experiment.

Keywords: Flight controller, Sliding mode control, Teensy development board, Quadcopter.

1. Introduction

It is recognized that an increasing number of
autopilot algorithms have been developed as a result
of ongoing research in this field. Some commercial
autopilot algorithms are Pixhawk [1] and CC3D [2].
Autopilot systems generally employ extremely
complex algorithms for the best and smoothest flight
control. The best understanding of flight systems can
be gained by building a homemade quadcopter, in
order to appreciate all the chief requirements of flight
systems. We have used homemade autopilot systems
in our previous published research [3, 4]. Our
homemade autopilot system employs a Teensy 3.2
development board [5], centered around a Cortex-M4
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microcontroller with 64 kB of RAM, 256 kB of Flash
Memory, and a rate speed of 96 MHz.

Particle Swarm Optimization (PSO) represents a
population-based methodology for deriving the best
solutions for objective functions [6]. It was first
proposed by Kennedy and Eberhart (1995) [7]. The
"swarm' comprises "n" particles, with each particle's
position representing the possible space solution. A
particle varies in condition depending upon how its
inertia, its position, and its velocity are controlled.
Every particle in the swarm is influenced by its
unique experience and also its optimal position
within its environment. The PSO has a number of
algorithms [8, 9]. For this research the fitness
function (objective function) is the integral of square
error (ISE) used with the construction coefficient
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methodology [6, 10,11] as per our previous research
[4, 12] where it obtained excellent outcomes.

There have been numerous proposals for SMC
methodologies to be employed in flight controllers
for quadcopters [13-15]. Researchers have also been
attracted to the concept of employing sliding mode
approaches to develop controllers; for example [16]
suggested a fault-tolerant control methodology
employing adaptive sliding mode control approaches
for unmanned aerial vehicles (UAV), particularly
guadcopters, to mitigate faults in actuators and the
uncertainty in the system. In [17] investigation was
undertaken of a dual-timescale autopilot for aircraft
with damaged wings using nonlinear adaptive sliding
mode approaches. Adaptive flight control strategies
are employed for tracking outer-loop angle
commands, allowing for the influence of wing
damage. A pair of specific control strategies
employing the adaptive sliding mode has been
created for outer- and inner-loop dynamics. [18]
suggests the deployment of a type-two fuzzy adaptive
sliding mode control scheme to maintain stability for
hypersonic aircraft when the parameters are uncertain
by employing a combination of adaptive sliding
mode control and the interval type-two fuzzy
approach. We should never neglect the part that PSO
can play in finding optimal parameters as shown in
[19]. This research intends to examine the way an
FOPID controller can be tuned with intelligent soft
computing techniques, e.g. PSO and Differential
Evolution (DE) to design a fractional order PID
control unit. PSO can also be used to tune the
parameters for controllers, e.g. in [20] where PSO
was used to validate obtained PID parameters
experimentally. [21] Proposed new strategies for
employing a second sliding mode control with
guadcopters; this requires obtaining nonlinear
coefficients, they use Hurwitz Stability analysis and
linearization theory for nonlinear coefficients
identification but in our work suggest use Particle
Swarm Optimization (PSO) for nonlinear coefficients
obtaining. This research proposes that PSO should be
used for the determining of nonlinear coefficients; we
will undertake simulations and experimental testing
to demonstrate that PSO can efficiently obtain
coefficients for the switching sliding manifold.

This paper comprises the following sections:
Section 1: Introduction; Section 2: Overview of
Pixhawk, CC3D, and a description of the homemade
guadcopter; Section 3: Discussion of results; Section
4: Conclusion.

2. Flight controller systems
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2.1 Pixhawk

The Pixhawk flight controller (Fig. 1) [1] is
regarded as a sophisticated flight controller that
employs algorithms to achieve optimal smoothness in
flight. The algorithm it employs was created by
Lorenz Meier in 2008 at the ETH Zirich University.
Pixhawk 1 is an open hardware project providing
economical flight controllers for hobbyists and
researchers; it can be used to control rovers,
multicopters, and fixed-wing aircraft.

Main features are:

32bit STM32F427 Cortex-M4F® core with FPU ,
168 MHz / 252 MIPS ,256 KB RAM ,2 MB Flash
(fully accessible), 32 bit STM32F103 failsafe co-
processor.

2.2 Flight controller F722-STD

Is open source autopilot, low cost controller and
high flight performance. The CC3D [2] is an open-
source autopilot that offers economical control and
high levels of performance. In order to examine
professional-standard flight controllers we have to
have an understanding of all the various parts of this
type of controller and their role in flight. We believe
that the optimal way of achieving this is to create our
own homemade flight controller.
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Figure. 2 CC3D flight controller
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2.3 Homemade flight controller

The flight controller is the central nervous system
of a quadcopter, undertaking all the required actions
to allow for aircraft stability and controllability. We
employed a Teensy development board and Arduino
as illustrated by Figs. 3 and 4.

An identical experimental configuration was used
in previous published work [3, 4], except that in this
research a second-order sliding controller is
employed; the figures illustrate the way in which the
chief components are interconnected.

The Teensy V3.2 development board [5] is
centered on the 32-bit ARM Cortex-M4 72 MHz
CPU. It is a broadband-ready development board
with many features. It is pre-flashed with a
bootloader so can be programmed via the integral
USB connector without the need for an external
programmer. It can be programmed with the
operator's user choice employing C or the Teensy
duino addon for Arduino IDE can be used with
Arduino sketches being written for Teensy by the
operator.

Arduino due [26]: The Arduino Dueis a

microcontroller board using the Atmel SAM3X8E
ARM Cortex-M3 CPU. It represents the first Arduino
board to employ a 32-bit ARM core microcontroller.

Figure. 4 Arduino due [26]
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Our quadcopter system comprises three central
electronic units, these being the microcontroller unit
(MCU) to implement the controller, electronic speed
controllers (ESCs) to control the speed of the
brushless DC motors, and the inertial measurement
unit (IMU) supplying orientation data allowing the
state to be estimated. This chapter describes the
reason for the selection of the MCU and ESCs, their
functionality, and how they operate. The essential
interconnections  between  various electronic
hardware modules are illustrated in Fig. 5. The fully
built quadcopter is shown in the pictures in Figs. 6
and 7.
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MPU&050
HC-05
TX RX VCC GND SDA SCL ¥CC GH.

=l - |

|

RX TX SDA SCL
FIN3]
PIN33
PIN3S-
PIN37 :
P22 |-{cH 1=
PIN23|{CHZ , . :
PIN24 || chs tEY ie6e
PIN25 |- CH4 teceiver
Pizs | |cHs

GND VCC  PIN27)-lcms 4 .

Teensy 3.2 or Arduino Due

I . 2

! l- + S5V +
LIFO UBEC -
BATTERY Turnigy
33 34

Figure. 5 Hardware diagram of interconnection between
electronics parts
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Figure. 6 The realized quadcopter insight view

Figure. 7 Top'i;iew of the realized quadcopter
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3. Tuning switching coefficient using PSO

Kennedy and Eberhart first described Particle
Swarm Optimization (PSO) in 1995 [22]. It is based
on Swarm Intelligence methodologies to search for
optimal values.

Particle Swarm Optimization employs a number
of algorithms [22-24]. In this research the fitness
functions used the integral of square error (ISE) and
we chose the constriction coefficient [22, 25]
methodology. The algorithms have guaranteed
convergence, clearly demonstrated in Fig. 9 [22],
with the PSO being formulated in the following
manner:

w040 = X w50+ A 55015560 o 950 |
m

x-_ %k
[2-¢—olp—4)

2)

With: 2=#+82, i =Cil, 4, =Coh, 24K elod]
c: and c; are the acceleration coefficients, and r:
and r, are random values in [0 1].

xij (t+1)=x;; (t)+ vy (t+1) (3)

For performance verification we employed the
integral of square error (ISE) as comparison criteria,
defined thus:

ISE = [e?(t)dt @)

e= The desired angle —The actulle angle

Thus in order to optimize the controller tuning we
employed criteria (4) for the objective function to
find a collection of parameters (i3, &3, Cs, Cs4) that
would permit the control system to meet the
necessary performance criteria.

Fig. 8 shows how PSO was deployed for tuning
four parameters. Every particle represents a
controller solution. When all four parameters were
good then the system responded well, achieving the
minimum performance criteria as shown in Eq. (4).
Fig. 8 shows the overall strategy for dealing with
optimization difficulties.

Particle Swarm Optimization it should initialized
by searching interval in our case [0.1 8] sets as
searching interval for four coefficients (73, €3, C3, Ca),
PSO will generates many values and star search the
best one. For each four values of the coefficients will
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Figure. 8 The general strategy of optimization
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Figure. 9 Movement of particles during the search for the
optimal parameters (73, €3): (8) 73 and (b) &3

substituted in the controller for get response and
amount of quadratic error of trajectory tracing and
sure lower error will be best coefficients values.

The PSO has to calculate particle numbers and the
iterative number for calculation of PID gains. In this
instance particle numbers were set at 30 with the
iterative number at 20. The particle movements as
they search for optimized second order sliding mode
control output parameters in accordance with
objective function is illustrated in Fig. 9. Swarms are
represented by blue points, local base particles are
represented by black points, and global best particles
are represented by red points.
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4. Results and discussion

The methods suggested here for identification of
nonlinear coefficients has been subjected to testing in
the experiments and simulations detailed to find
whether the control scheme employed by this
research is both valid and efficient. [21] Suggests the
use of a sliding mode controller; however, this form
of controller has to be able to undertake identification
of the coefficient with switching sliding manifold of
second-order sliding. In [21] Hurwitz stability
analysis and linearization theory are employed to
resolve this problem. In this research we proposed
using Particle Swarm Optimization (PSO) for
identification of the nonlinear coefficients of the
second sliding mode controller in order to achieve
attitude stabilization of the realized quadcopter.
Table 1 illustrates the parameters of the completed
guadcopter [3, 4]. Eqg. (5) shows the control law
where proposed in [21]; Fig. 10 shows the control
strategy.

As this research is only focused on attitude
stabilization. dy, d2, ds, d4, are disturbance terms that
will be considered as zero.

y —Celfa =2)+ 24 + g +di +e5gn(s) + sy
! oS CosH
L L[ea-y)ria
Y7 Cd, +50n(s,)+nys,
G (g = %)+ 22 (% — %)+ 6 +
ly | cs C3
R P 1
—4(Hd —0)+ ds +—(55gn(s3)+ nys;)
| C3 C3
=5 (g - §)+—2 (Vg — ¥)+ g +
| Cs Cy
N P 1
_((/’d —(ﬂ)+d3 +_(‘9459n(54)+n454)
L C7 Cs
(5)
Where:

5 :Cz(zd 2)+ (Zd—Z)
2=C, (wa —w)+ g —¥)

cl(xd % +c2 (%g — %)+
" csl0y —6)+ (0, - 0)
{cs(yd )+ co yd y)+}
C7(¢g —p)+Calpa — )

o

Table 1 [3, 4] illustrates the finished quadcopter's
dynamic parameters. The second-order sliding
mode's parameters employ PSO only for the roll and
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Table 1. Quadrotor parameters
Calculated Trust Coefficient | 8.5*107
Trust Coefficient Ct 8.8*107
Drag Coefficient Cp 11.3*108
| 0.127 meter
Mass 0.49Kg
Ix 0.00102 Kg*m?
ly 0.00059 Kg*m?
I, 0.00138 Kg*m?
8‘1 - Controller gl-timd'e ..9
- oi._nmmc »
quadrotor 1]

Figure. 10 Control strategy for attitude stabilization [22]:
64 :is the desired roll Angle. ¢q: is the desired pitch
Angle. ¥y:is the desired yaw angle

Table 2. Roll/pitch controller’s parameters using PSO

Variables Values  Variables Values
C3 0.3 C7 0.3

Cs 1.8 Cs 1.8

€3 6 €4 6

N3 4 Ng 4

Table 3. Controllers parameters [21]

Variables Values Variables Values
C; 1 C; 1

e1 0.8 €2 0.8

na 2 1] 2

C1 11m/(u, cose cosyp)  Cs C1

Co 6m/(u, cose cosy) Cs C2

pitch axes as quadcopters are symmetrical so the
values will be equal. For the other axes (z /yaw axis)
the parameters will be retained as [21]. The following
Table 2 illustrates the parameters that were obtained
by employing PSO. Table 3 offers the others
parameters identified in [21].

Figs. 11 and 12 illustrate the results of the
simulation of simple directory tracking with smooth
tracking related to the attitude angle and x-axis. It can
be seen that the x-axis took five seconds to acquire
the optimal position but the attitude angle was
acquired in under 0.9 seconds.

The results tested for 100 seconds of run time are
shown in Figs. 13, 14, and 15: the controller achieves
stabilization of attitude for the quadcopter on the
equilibrium point and actually managed to track the
trajectory effectively. The simulation results in the
original paper demonstrates that the angles returned
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to equilibrium within a second, but in these
experimental findings the equilibrium angles are
found in 0.9 seconds. The appendix contains sample
data from Fig. 14 related to durations between 20
seconds and 33 seconds for use in future Al projects.
The suggested controller has been proved through
experimentation to be both robust and effective.
Figs. 16, 17, and 18 illustrate the sliding surface
as it varies over time in the course of the response
recording illustrated in Figs. 13, 14, and 15. It is clear
that the obtained sliding surface's global
experimental behavior has similarities to the behavior

encountered in the simulations detailed in our
original paper [21].
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Figure. 11 Roll angle stabilization
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5. Conclusion

This paper has presented an illustration of the
ways in which building a quadcopter is useful in
gaining an understanding of the foundational
technology; it provides insider knowledge of the
operation of flight controllers that will allow us to
work with the most sophisticated open hardware
flight controllers. The homemade autopilot system,
using the Teensy development board with a clock
frequency of approximately 100 MHz, underwent
testing using a second-order sliding mode control to
control a quadcopter's attitude. The data harvested in
real time from our prototype has been provided as a
dataset to be employed with Artificial intelligence
applications in future and with same law control
change it to fractional second order sliding mode as
another contribution. These results have shown that
Particle Swarm Optimization is effective as a means
of finding coefficients for a nonlinear switching
sliding manifold where in other research they employ
Hurwitz stability analysis and linearization theory.
This suggested Particle Swarm Optimization tuning
of the coefficients of the switching sliding manifold
for the second-order sliding mode control strategy
has been shown to be both robust and effective
through simulation and experimentation.
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22.74 [ -0.05 |0 0.05 -1.2 -0.51 25.38 | -14.8 | -14.2 | 0.52 5.63 2.23
228 |[-005 |0 0.05 0.02 0.09 2544 | -146 |-136 |1.01 0.77 0.67
2286 | -015 |0 0.15 3.35 1.9 255 |-13.2 |-125 | 0.76 -10.35 | -5.1
2292 | -047 |0 0.47 4.47 2.96 2556 | -11.4 | -10.0 | 1.34 8.79 5.52
2298 | -063 |0 0.63 -1.14 0.45 25.62 | -9.21 | -8.36 | 0.84 -12.74 | -5.75
23.04 [ -037 |0 0.37 -5.96 -2.35 25.68 | -7.09 | -6.24 | 0.85 2.73 2.1
231 [-003 |0 0.03 -3.45 -1.66 25.74 | -553 | -5.06 | 0.48 -7.94 -3.64
23.16 {017 | O -0.17 -2.1 -1.31 258 | -424 | -355 |0.69 2.74 2.11
2322 {021 | O -021 | 0.1 -0.28 25.86 | -3.32 | -2.71 | 0.61 -2.02 -0.29
23.28 | 0.1 0 -0.1 1.37 0.51 2592 | -2.66 |-1.65 |1.01 5.44 4.15
23.34 {009 |O -0.09 -14 -0.84 2598 | -2.01 | -1.05 | 0.95 -5.87 -1.47
234 1017 |0 -0.17 -1.46 -0.99 26.04 | -1.03 | -0.3 0.72 -6.66 -2.16
2346 [0.06 |0 -0.06 1.92 0.86 261 |-015 |0 0.15 -7.09 -3.26
2352 [0.04 |O -0.04 | -1.19 -0.66 26.16 | -032 |0 0.32 10.78 5.83
2358 011 |0 -0.11 -0.62 -0.47 26.22 | -15 0 15 13.08 8.87
2364 [0.08 |0 -0.08 1.8 0.76 26.28 [ -199 |0 1.99 -1.52 2.44
23.7 |-01 0 0.1 0.85 0.57 26.34 | -1.6 0 1.6 -6.39 -0.59
23.76 | -0.07 |0 0.07 -0.74 -0.25 264 |-124 |0 1.24 -1.94 1.04
23.82 | -006 |0 0.06 0.55 0.36 26.46 | -1 0 1 -5.7 -1.21
2388 [ 019 |0 0.19 1.73 1.16 2652 | -016 |0 0.16 -16.05 | -7.67
2394 [-016 |0 0.16 -2.6 -1.04 2658 [ 116 |0 -1.16 | -15.11 | -9.32
24 013 |0 -0.13 | -4.92 -2.64 2664 | 173 |0 -1.73 1.08 -2.23
2406 {025 |0 -0.25 | -0.66 -0.72 26.7 113 |0 -1.13 13.37 4.8
2412 1017 |0 -0.17 | 0.62 0.03 26.76 | 028 |0 -0.28 10.33 4.65
2418 (011 | O -0.11 2.17 0.9 2682 |-032 |0 0.32 7.6 4.26
2424 | -0.1 -0.81 | -0.71 -15.35 | -8.8 26.88 | -082 |0 0.82 6.13 4.35
243 |-0.88 |-1.9 -1.02 | 8.71 2.47 2694 |-099 |0 0.99 -0.55 1.33
24.36 | -3.06 | -3.48 | -042 10.56 4.19 27 -0.77 |0 0.77 -2.83 -0.15
2442 | -499 | -454 | 0.46 6.01 3.26 27.06 | -046 |0 0.46 -2.8 -0.64
2448 | -5.74 |-5.92 |-0.18 |-13.64 | -7.59 2712 | -004 |0 0.04 -7.99 -3.87
2454 | -6.13 | -6.75 | -0.61 -0.12 -1.7 27.18 | 062 |0 -0.62 | -5.59 -3.75
246 | -7.07 |-7.9 -0.83 | -0.57 -2.37 2724 1076 |0 -0.76 | 0.7 -0.88
2466 | -794 | -856 | -0.62 2.04 -0.81 273 (082 |0 -0.82 | -2.47 -2.53
24.72 | -833 |-946 |-113 |-744 -6.4 2736 |135 |0 -1.35 | -8.08 -6.15
24.78 | -8.8 -10.1 | -1.3 2.33 -1.92 2742 165 |0 -165 | 3.56 -0.88
2484 | -9.77 |-109 |-1.16 |4.47 -0.71 2748 | 081 |0 -0.81 15.76 6.49
249 [-108 |-114 |-0.58 |5.89 0.87 2754 1033 |0 0.33 14.06 7.47
2496 | -114 |-120 |-064 |-1.23 -2.79 276 | -085 |0 0.85 0.82 1.76
25.02 | -12.0 |-125 |-054 | 276 -0.73 2766 | -059 |0 0.59 -4.92 -1.49
25.08 | -12.6 | -13.2 | -0.58 | -2.23 -3.3 2772 | -028 |0 0.28 -1.59 -0.33
2514 | -13.1 |-136 |-045 |-0.49 -2.28 27.78 | -021 | O 0.21 -3.45 -1.37
252 [-132 |-14.0 |-0.81 -6.62 -5.93 2784 {014 |0 -0.14 | -6.58 -3.47
25.26 | -134 |-143 |-085 | 2.89 -1.32 279 |042 |0 -042 | -13 -1.32
2532 | -141 | -144 | -0.28 | 9.53 2.87 2796 [ 032 |0 -0.32 | 3.78 1.35
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28.02 | -0.05 | O 0.05 2.66 1.39
28.08 | -0.07 |0 0.07 -1.17 -0.46
2814 1-013 |0 0.13 1.72 1.05
28.2 -036 |0 0.36 2.12 1.62
2826 | -0.21 | O 0.21 -3.87 -1.57
2832 | -0.08 | O 0.08 -1.28 -0.51
2838 | -0.06 |0 0.06 -0.9 -0.35
2844 | 0 0 0 -0.98 -0.49
28.5 0.09 0 -0.09 -1.29 -0.78
2856 | 0.03 |0 -0.03 -0.42 -0.26
28.62 | 0.1 0 -0.1 -2.99 -1.63
28.68 | 023 |0 -0.23 0.25 -0.26
28.74 | 0.11 0 -0.11 1.5 0.57
28.8 009 |0 -0.09 -1.02 -0.65
2886 | -0.04 |0 0.04 1.24 0.68
2892 |-015 | O 0.15 0.08 0.28
28.98 | -0.05 |0 0.05 -0.81 -0.32
29.04 | -0.06 | O 0.06 242 1.29
29.1 -0.17 |0 0.17 -1.29 -0.36
29.16 | -0.03 | O 0.03 -2.67 -1.27
29.22 | 0.27 111 0.84 4.87 3.86
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